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COMBINATORIAL THERAPY FOR PROTEIN SIGNALING DISEASES 

CROSS REFERENCE TO RELATED APPLICATION 
This application claims the benefit of U.S. Provisional Patent Application No. 
5 60/453,629, filed March 10, 2003, which is incorporated by reference herein. 

FIELD 

The disclosed methods relate to design and selection of combinations of 
therapeutic agents that may be utilized to treat diseases arising from aberrant signaling 
pathways. More particularly, the disclosure relates to identifying therapeutic 
10 combinations that specifically target the signal pathway aberrations leading to disease in 
a particular individual. 

BACKGROUND 

In cancer and other diseases such as Alzheimer's disease and inflammatory 
15 diseases, the signal transduction pathways within cells are often observed to be 
hyperactive and dominant or hypoactive. For example, defective, hyperactive or 
dominating signal pathways appear to drive cancer growth, survival, invasion and 
metastasis (Liotta and Kohn, "The microenvironment of the tumor-host interface," 
Nature 411: 375-379, 2001). The hyperactive pathway observations do not necessarily 
20 indicate the presence of greater amounts of protein or mRNA, but rather are a 

consequence of altered activation states of pathway components, and from altered 
interactions (cross-talk) between pathways that are separated in normal cells, but linked 
in tumor cells. Recognizing that signaling pathways may be targeted for therapy, 
pharmaceutical companies are developing specific inhibitors of pathway components 
25 such as tyrosine kinases. Unfortunately, efficacious doses of these drugs are often so 
high that they result in non-specific binding to molecules outside of the targeted 
pathway, and thus toxicity. Furthermore, diseased cells are often observed to develop 
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resistance to the agents due to shunting around targeted pathway components and/or 
development of alternative signaling pathways. 

SUMMARY 

5 The activation state of kinase driven signal networks contains important 

information about the signals that drive disease specific biological processes and is 
useful for therapeutic target selection. A method is disclosed for mapping the activity 
states of proteins in signaling networks to discover coordinated signal transduction 
events that can be targeted with combinations of therapeutic agents. An example of a 

10 signaling network is a combination of signaling pathways that interact. Based on the 
observed activity states of the signaling proteins in a network, combinations of 
therapeutic agents are selected to specifically alter the activity state of two or more 
interconnected signaling proteins, for example within different signaling pathways of 
the network Choosing combinations of agents in this manner is shown to reduce 

1 5 shunting around targeted proteins in the signaling network and provide surprising 

synergistic effects that permit treatment of signaling abnormalities with lower doses of 
potentially toxic agents. 

Since normal and diseased cells can be compared for a particular individual, the 
disclosed method can be used to select combinations of therapeutic agents that are 

20 tailored to the particular signaling abnormalities observed a disease state (such as a 
particular tumor type) or even in a particular individual. Repeated assessment of the 
activity states of diseased cells following treatement with a selected combination of 
agents also can detect development of resistance to the treatment and be used to identify 
new, different combinations of therapeutic agents that target the developing resistance 

25 mechanism (such as induction of an alternative signaling pathway). 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram showing two classes of protein microarray platforms. 

FIG. 2 is a diagram outlining an embodiment in which a reverse phase protein 
array is applied to analyze the phosphorylation states of signal pathway proteins. 
5 FIG. 3 is a diagram showing validation of reverse phase protein microarray 

analysis of microdissected lysates. 

FIG. 4 is a diagram showing an idealized reverse phase array format 

FIG. 5 is a diagram showing an embodiment of scanning and bioinformatic 
(pattern recognition) analysis of reverse phase arrays for protein signaling profiling. 
10 FIG. 6 is a bar graph showing the effect of treatment at particular nodes in the 

EGFr pathway on the activity levels of several components of the EGFr pathway, which 
is illustrated in the lower diagram. 

FIG. 7 is an image showing a representative Western blot used to validate a 
phospho-specific antibody for use in the disclosed methods. 
15 FIG. 8 is a diagram showing a protein signaling network and the site of action of 

several therapeutic agents directed to interconnected network components. 

FIG. 9 is a bar graph comparing the effect of Cal and a COX-2 inhibitor, alone 
and in combination, on EGF stimulated growth of colon cancer cells. 

FIG. 10 is a graph showing the time course of activation of members of the 
20 EGFR pathway after stimulation of CCL-250 cells. 

FIG. 1 1 shows the results of experiments that demonstrate the requirement of 
TGF-ot for PGE2 transactivation of EGFR. 

FIG. 12 is a bar graph showing the survival of CCL-250 cancer cells as 
measured by crystal violet dye uptake that were treated for 10 days with CAI, LM-1685, 
25 or combination of the two agents. 

FIG. 13 is a series of graphs showing the sensitivity of ras-transformed cells to a 
CAI/LM-1685 combination. 
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FIG. 14A is graph showing stimulation of ERK1/2 by a combination of CAI and 
LM-1685. 

FIG. 1 5 is a series of fluorescence histograms of apoptotic cancer cells treated 
with various agents and combinations of agents. Treatment conditions were as follows: 
5 control (a), CAI (b), LM-1685 (c), PD98059 (d), CAI+LM- 1685(e), and (f) CAI+LM- 
1685+PD98059. 

FIG. 16 is pair of graphs showing expression levels of apoptisis proteins (c-casp 
3 and c-PARP) and survival proteins (pAKT and cyclin Dl) in cancer cells treated with 
CAI, LM-1685, PD98059 and combinations thereof. 
10 FIG. 17 is a series of photographs of reverse phase protein microarray analyses 

of laser capture microdissection samples obtained from a breast cancer study set. 

FIG. 1 8 is a pair of graphs showing the time-course of activation of members of 
the ERK signaling pathway following stimulation of the pathway in the absence and 
presence of a specific MEK kinase inhibitor. 
15 FIG. 19 is photograph of a reverse phase protein microarray kinase substrate 

analysis used to detect concordance of AKT-mediated signaling. 

FIG. 20 shows the results of unsupervised cluster heat-map analysis of 
multiplexed kinase substrate endpoints, where the twenty-two endpoints (1 1 matched 
phospho-specific and total protein specific) of a 54 patient study set were analyzed by 
20 reverse phase protein micorarrays. 

FIG. 21 shows a heat map of the results of principal component analysis of 
protein kinase microarray analysis of normal and breast cancer subjects and a heat map 
analysis showing correlation between the relative levels of phosphorylated PKCa 
obtained from surgical specimens of 17 subjects post A/C therapy with lymph node 
25 involvement. 

FIG. 22 is a representative diagram of the integrin signaling pathway. 

FIG. 23 is a representative diagram of the MapK signaling pathway. 

FIG. 24 is a representative diagram of the Akt signaling pathway. 
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DET AILED DESCRIPTION OF SEVERAL DISCLOSED 
EMBODIMENTS 

/. Abbreviations 

LCM - laser capture microdissection 
FACS- fluorescence-activated cell sorting 

MALDI-TOF - matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry 

SELDI-TOF - surface-enhanced laser desorption/ionization time-of-flight mass 
spectrometry 

HPLC - high performance liquid chromatography 

NMR - nuclear magnetic resonance 

MRI - magnetic resonance imaging 

FRET - fluorescence resonance energy transfer 

FP A - forward phase array 

RPA - reverse phase array 

EGFR - epidermal growth factor receptor 

EGF - epidermal growth factor 

CAI - carboxyamidotriazole 

NVGCC - non- voltage gated calcium channel. 

//. Terms 

The singular forms "a," "an," and "the" refer to one or more, unless the context 
clearly indicates otherwise. 

"Comprises" means including. Hence "comprising A or B" means including A 
or B, or including A and B, unless the context clearly indicates otherwise. 

The term "subject" refers to any animal, including humans, other primates and 
veterinary animals such as horses, pigs, goats, cattle, dogs, cats and sheep. 
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As used herein, the term "activity state" refers to an identifiable signaling event 
that occurs at a node (signaling protein) along a protein signaling pathway or network as 
a signal or signals is (are) passed along the pathway or within the network. The activity 
state of a particular signaling protein can change over time or can reach an equilibrium 
5 state when the passage of a certain level of signal passing through the pathway or 
network is maintained for a sufficient period of time. Examples of an activity state 
include the level of post-translational modification of a signaling protein such as the 
level of phosphorylation or farnesylation of a signaling protein or the cleavage state of a 
signaling protein, the cellular location of a signaling protein, or the level of association 
10 of a signaling protein with another protein. 

The term "signaling pathway" refers to an identifiable signal cascade through 
which a signal flows. In particular, a signaling pathway is a series of cellular proteins 
(such as a cell surface receptor, an intracellular signaling protein, or both) along which a 
signal flows in response to a stimulus, such as an extracellular or intracellular stimulus 

1 5 that interacts with a cell at a cell surface receptor. The terms "signaling pathway" and 
"signal transduction pathway" are intended to indicate the coordinated intracellular 
processes whereby a living cell transduces an external or internal signal into cellular 
responses. Signal transduction may, for example, involve an enzymatic reaction and 
enzymes mediating such enzymatic reactions include, but are not limited to, protein 

20 kinases, GTPases, ATPases, protein phosphatases, and phospholipases. The cellular 
responses that are controlled by signaling pathways include, but are not limited to, gene 
transcription, secretion, proliferation, mechanical activity, metabolic activity, and cell 
death. A signaling pathway can carry a signal from the plasma membrane to the 
nucleus in response to an extracellular stimulus, or can carry a signal from one part of a 

25 cell to another, for example, where two or more intracellular signaling pathways 

interact. Thus, a signal generated in a particular signaling pathway by an extracellular 
stimulus can flow into other signaling pathways within the cell. In some instances, the 
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signal is mediated by a series of post-translational modifications of the proteins in the 
pathway such as in protein kinase signaling cascades where, for example, one kinase 
phophorylates another kinase that in turn phophorylates another kinase. In other 
instances, the signal is mediated by protein translocations or protein-protein 
5 interactions. For example, post-translational modification of one protein in a signaling 
pathway can lead to translocation of the protein to another part of the cell, where the 
translocated protein then post-translationally modifies yet another protein to pass the 
signal along the pathway. Alternatively, a post-translational modification of a particular 
protein can promote its association with another protein to form a dimer, and then the 

10 dimer post-tranlationally modifies yet another protein to pass the signal along the 
pathway. Examples of signaling pathways include the integrin pathway, the focal 
adhesion signaling pathway, the Akt signaling pathway, the IL-6R pathway, growth 
factor pathways, chemokine receptor signal pathways, cell-cycle signaling pathways, 
stress signal pathways, apotosis signaling pathways, Tai^eta signaling pathways, pro- 

1 5 inflammatory pathways, differentiation signaling pathways, T-cell receptor pathways, 
death-receptor signaling pathways, survival signaling pathways, MAPK signaling 
pathways, p38 MAPK signaling pathways, G-coupled Receptor signaling pathways, 
SAPK/JNK signaling pathways, insulin receptor signaling pathways, Wnt signaling 
pathways, B-cell antigen signaling pathways, cKit signaling pathways, and Jak/Stat 

20 signaling pathways. These and other signaling pathways may be intermediately 

interconnected to each other by interactions that lead to cross-talk between the pathways 
to form a signaling network. Interconnections between pathways may be mediated by, 
for example, for example, protein-protein interactions, post-translational modifications, 
protein cleavage, translocations to an organelle or compartment, ion channel activation, 

25 soluble mediators, protein-nucleic acid interactions, protein-lipid interactions, or 
protein-carbohydrate interactions can pass signals from one signaling pathway to 
another. 
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As used herein, the term "protein signaling network" refers collectively to all the 
signaling proteins that are interconnected to a particular signaling protein by at least a 
common cellular response. Examples of cellular responses that can connect signaling 
pathways to form a signaling network include cell growth, cell death (apoptosis), 
5 cytoskeletal remodeling, cell survival, receptor localization and distribution, gene 

transcription, motility, differentiation, proliferation, or angiogenesis. In other instances, 
signaling pathways are connected to form a signaling network by virtue of their having 
one or more signaling proteins in common, or by virtue of a first signaling protein in 
one pathway passing a signal to a second signaling protein in a different pathway such 
10 as by post-translational modification of the second protein by the first. "Cross-talk" 
refers to the situation where a signal following one pathway is transferred to another 
pathway. 

A "diseased cell" is a cell that is identifiable (for example histologically or 
immunologically) as being involved in a pathological condition of a tissue. For 

1 5 example, a diseased cell can be a cell that exhibits an appearance (with or without 

staining) that is different from normal cells of the same type. For example, a tumor cell 
may have pyknotic nuclei and abnormal appearing cellular organelles, and be in an area 
of cellular invasion. A diseased cell also can be a cell that expresses a particular 
molecule (such as a receptor or other cell surface marker) on its surface that is not 

20 present on the surfaces of cells of the same type that are not involved in the pathological 
condition, and, for example, may be identified by binding of a labeled antibody against 
the particular molecule expressed on its surface. Examples of diseased cells include 
tumor cells such as breast tumor cells, colon tumor cells, prostate cancer cells, and lung 
cancer cells. Still other examples of diseased cells include brain cells in which amyloid 

25 deposits are visible, such as obtained from an Alzheimer's patient. 

"COX inhibitor" refers to a compound that diminishes the enzymatic activity of 
a cyclooxegenase enzyme such as COX-1 and COX-2. A selective COX-2 inhibitor is a 
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compound that diminishes the enzymatic activity of the COX-2 enzyme, but not other 
COX enzymes such as the COX-1 enzyme. 

///. Overview 

5 The following description and examples are provided solely to assist in 

understanding the disclosure, and not to limit its scope. 

In one aspect a new method is provided for selecting a treatment for a diseases 
characterized by aberrant protein signaling pathways. Examples of such diseases 
include neurodegenerative diseases and cancer. Diseases with an aberrant signaling 

10 component are characterized by signaling pathways that are hyperactive and dominant 
or hypoactive, leading to an increase or decrease, respectively, of a cellular response 
that is under the control of the signaling pathway. For example, where cell growth is 
under the control of a hyperactive signaling pathway, abnormally rapid cell growth will 
be evident. Similarly, if apoptosis (death) of cells is under the control of a hypoactive 

15 signaling pathway, the cells exhibit abnormally decreased apoptosis. Rapid cell growth 
and decreased apoptosis, alone or in combination, can, for example, lead to tumor 
proliferation as an ultimate cellular response. 

The disclosed method of treating protein signaling diseases is based in part on 
the discovery that targeting two or more different interdependent steps in a protein 

20 signaling pathway (or in a network of pathways leading to a common cellular response 
or interconnected so there is cross-talk between pathways) with a combination of 
therapeutic agents that inhibit or stimulate these steps can provide synergistic effects on 
the cellular response. Kinetic modeling of signal transduction events in a signaling 
pathway reveals that modulation of two or more different signal transduction events in 

25 the pathway generally provides synergistic effects on the final response (such as a 

cellular response). Therefore, when used in combinations that target multiple different 
targets (that is multiple different signaling proteins or events) in the pathway, individual 
agents can be used at much lower doses than would be necessary if the agents were 
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administered alone. Experimental data confirms these surprising results. These 
unexpected findings also make it possible to optimize a selected combination of 
therapeutic agents by finding the lowest dose of the agents directed to multiple 
interdependent targets that provides a desired change in the cellular response of a 
5 signaling pathway (or network of pathways). This is contrary to conventional therapy, 
which attempts to find the highest tolerable dose of an agent or agents directed to a 
single target. Furthermore, combinations of therapeutic agents that are selected 
according to the disclosure are shown to help diminish shunting of signals around single 
targeted signaling proteins (or signaling events). 

10 Synergistic combinations of therapeutic agents are selected according to the 

disclosure by determining the signaling pathway aberrations that are associated with a 
particular disease state. Since it is possible to determine signaling aberrations for an 
individual it is also possible to select combinations of agents to target an individual's 
particular signaling pathway aberrations. 

1 5 Signaling pathway aberrations can be determined by measuring an activity state 

for several different proteins that belong to a protein signaling pathway or network. 
Belonging to a pathway refers to a protein that receives signals, transmits signals, or 
both that follow the pathway from an initial stimulus (such as an extracellular stimulus) 
to a particular cellular response. The activity states of the proteins can be measured in 

20 vivo, substantially as they occur in vivo (such as by preserving the in vivo activity state 
and then extracting the proteins from a sample) or in vitro, such as in a cell culture. The 
activity state that is measured is the state of a signaling event that occurs along the 
pathway or network as a signal or signals is (are) passed along the pathway or within 
the network. The measured activity state can be the presence, absence or extent of a 

25 protein-protein interaction, a post-translational modification (e.g. phosphorylation, 
farnesylation, myristylation acetylation or ubiquitinization), a protein cleavage, a 
translocation to an organelle or compartment, an ion channel activation, a concentration 
of a soluble mediator that is a product or a substrate of the protein, a protein-nucleic 
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acid interaction, a protein-lipid interaction, or a protein-carbohydrate interaction that 
reflects passage of a signal through a signaling protein. Activity states can be measured 
by immunohistochemical methods such as array techniques (e.g. reverse-phase 
microarrays) and western blotting, electrophoretically (such as by isoelectric focusing 
5 and capillary elecrtrophoresis), chromatographically (such as by HPLC) or 

instrumentally using techniques such as mass spectrometry (e.g. MALDI-TOF, SELDI), 
magnetic resonance (e.g. NMR or MRI using antibodies labeled with MR active 
compounds, such as gadolinium chelates) and fluorescence resonance energy transfer 
[FRET; see, for example, Gaits and Hahn, "Shedding light on cell 

1 0 signaling:interpretation of FRET biosensors," Sci STKE 2003 Jan 14; 2003 (1 65):PE3]. 
In one particularly disclosed example, the activity state is the ratio of the amount of 
phosphorylated signaling protein to the total amount of the signaling protein. If a 
method of imaging is employed to determine an activity state, it is possible, for 
example, to image the phosphorylated state, or other activity state, of at least the 

15 treatment targets and nodes along possible shunting pathways. In this way, efficacy 
may be monitored during treatment, thereby permitting adjustments to the treatment to 
be made sooner, and more effectively. 

One or more agents that stimulate particular pathways or a network of pathways 
that share a common cellular response also can be used to initiate signal transduction, 

20 thereby permitting determination of a time course of signaling events and activity states 
in the signaling pathway or network. For example, signaling events that are mediated 
by the epidermal growth factor receptor (EGFR) can be observed over time following 
treatment of cells with epidermal growth factor (EGF). Thus, signaling aberrations also 
can be manifested by an altered time-course of the changes in activity states of the 

25 signaling proteins in a signaling pathway or network. 

A comparison of the observed activity states in diseased cells to those observed 
for normal cells (from the same or different individual), or a comparison of observed 
activity states to activity states associated with a particular desired cellular response 
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(such as apoptosis), can be used to select combinations of agents to treat the aberrant 
signaling pathway or network in the diseased cells. The comparison is used to 
determine different targets in a pathway or network (such as several 
hyperphosphorylated proteins in the diseased cells) and how the activity states of the 
5 targets should be modulated (such as to alleviate hyperphosphorylation). It is on this 
basis that therapeutic agents can be selected. In other words, based on the observed 
activity states of the signaling proteins in an aberrant signaling pathway or network, 
combinations of therapeutic agents can be selected to specifically alter the activity states 
of two or more different interconnected signaling proteins in the pathway or network 

10 from the observed aberrant activity states toward desired activity states, such as a 

normal activity states. For example, if a comparison of the activity states of signaling 
proteins between normal and cancerous cells reveals hyperphosphorylation of a number 
of proteins in the cancerous cells relative to the normal cells, combinations of agents 
that alleviate hyperphosphorylation of two or more of the different hyperphosphorylated 

15 proteins (such as by inhibiting phosphorylation or stimulating dephophorylation of the 
proteins) can be selected. In other instances, hypophosphorylation of certain proteins 
may be observed in the diseased cells and can be targeted, for example, with agents that 
stimulate phosphorylation or inhibit dephosphorylation of the hypophosphorylated 
proteins. 

20 Since the phosphorylation and dephosporylation events in a signaling pathway 

or network are interdependent, it is not necessary to modulate the particular signaling 
event that directly leads to a particular activity state for a particular signaling protein. 
Rather, upstream or downstream events within the pathway can also be targeted to alter 
the activity state of a particular protein. For example, inhibiting upstream 

25 phosphorylation events also can lead to decreased phosphorylation of a particular 

signaling protein that is further along a particular signaling pathway, thereby changing 
the activity state of the particular signaling protein. 
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In the disclosed method, a sample comprising a diseased cell is obtained from a 
subject and analyzed to detect aberrant activity states (or time-course thereof) of the 
signaling proteins that it contains. The sample may be any sample containing diseased 
cells, but typically is a sample obtained from a lesion, for example, a biopsy sample of a 
5 lesion. In some embodiments, the sample is obtained from a tumor or a specific 

diseased tissue. For example, the sample can be obtained from breast tumors, prostate 
tumors, brain tumors, colon polyps and tumors, tissue from arthritic joints, and tissue 
containing amyloid formations obtained from the brains of subjects with Alzheimer's 
disease. 

10 Desirably, diseased cells can be isolated from the sample to provide a 

substantially pure population of the diseased cells for analysis of their protein signaling 
pathways and networks. Isolated diseased cells are desired because they permit more 
accurate analysis of signaling pathway aberrations that are characteristic of the disease. 
Diseased cells may be isolated from non-diseased cells in a sample by any means 

15 including, for example, microdissection and fluorescence-activated cell sorting (FACS). 
These methods also can be employed to isolate substantially pure populations of non- 
diseased reference cells for comparison. 

FACS is a specific type of flow cytometry, which utilizes fluorescent markers 
(fluorescently labeled monoclonal antibodies) placed on the cells for the purpose of 

20 recognizing and sorting the cells. FACS instruments typically possess the ability to 
perform multiparameter analyses on a single cell. Among the many measurable 
properties are size, volume, viscosity, the content of DNA, RNA, and enzymes, and also 
surface antigens. FACS instrumentation is available from Beckman-Coulter, Miami, 
FL. 

25 Microdissection is a technique where cells or groups of cells are separated from 

one another, typically while viewing the cells under a microscope. Examples of 
microdissection techniques include UV laser ablation of unwanted tissue regions 
(Meirer-Ruge et al., The laser in the Lowry technique for microdissection of freeze- 
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dried tissue slices, Histochemical J. 8: 384, 1976) and laser capture microdissection 
(LCM, see Example 1 below). 

Proteins can be extracted from the isolated diseased cells and reference cells, for 
example, by lysing the cells in an appropriate lysis buffer. Advantageously, the lysis 
5 buffer is one designed to retain the proteins in a state that reflects their in vivo 
characteristics. 

In the disclosed methods, the activity state of one or more signaling proteins 
extracted from the diseased cell are measured and compared to the activity states 
measured for the corresponding signaling protein(s) extracted from a reference cell, 

10 such as a normal cell or a cell isolated either before or after treatment (such as with one 
or more therapeutic agents), or before or after a disease state or stage. Differences 
between the activity states observed for the diseased and reference cells are used to 
detect deranged signaling pathways that are active in the diseased cell. 

Once one or more deranged signaling pathways are identified in the diseased 

15 cells, a combination of therapeutic agents may be administered to the subject to correct 
the cell signaling derangement. Specifically, the therapeutic agents are selected to 
target two or more different members of the protein signaling network comprising the 
detected deranged signaling pathway. In particular examples, the therapeutic 
combination is selected to provide a synergistic improvement in efficacy of treatment of 

20 the aberrant cellular response mediated by the deranged signaling pathways of the 

network. As used herein, "synergistic improvement in efficacy" refers to the situation 
where the combination is more effective for treating the aberrant cellular response than 
the additive effects of the agents comprising the combination acting alone and at the 
same dose used in the combination. The synergism exhibited by combinatorial therapy 

25 directed to interconnected signaling proteins (nodes) in a protein signaling network is a 
surprising result of the disclosed methods of selecting and administering treatments. 

In another aspect, the disclosed methods may further include dividing and 
culturing the sample obtained from the subject into a plurality of cultures. This may be 



AAR/aar 4239-67983 03/10/04 



EXPRESS MAIL LABEL NO. EV331580816US 
DATE OF DEPOSIT: March 10, 2004 



- 15- 

done to optimize selected combinations of therapeutic agents for synergistic efficacy in 
treating the aberrant cellular response, or to detect development of resistance 
mechanisms. The separate cultures are treated with predetermined combinations of the 
selected therapeutic agents that target two or more different components of the detected 
5 deranged signaling pathway or the interconnected signaling network. Additional 
cultures also are treated individually with each of the therapeutic agents of the 
combinations at doses present in the combinations, and synergism can be detected by 
comparing the combined effect of the individual agents used separately to the effect 
observed for treatment with the combination. Synergistic combinations are thus 

1 0 identified, and may be administered to the subject for the purpose of treating the 
aberrant cellular response that is characteristic of the subject's disease. 
Advantageously, such combinations may provide higher efficacy than single agents 
administered at much higher doses and therefore provide lower toxicity. To assist in 
speedy identification of synergistic combinations, the cell cultures may be stimulated to 

15 exhibit the aberrant cellular response by adding a signal pathway stimulator or inhibitor 
to the culture. 

Culturing of cells for the purpose of optimizing a treatment or detecting possible 
resistance mechanisms may be accomplished using a bioreactor such as a hollow-fiber 
bioreactor, a fibrous bed reactor, a T-flask, a rotating- wall vessel bioreactor, a fluidized- 

20 bed cell reactor, a microgravity-based bioreactor, or a gas-permeable bag bioreactor. 
Hollow- fiber reactors, rotating-wall bioreactors and microgravity based bioreactors 
offer the potential advantage of recreating the 3D architecture of the cells that is found 
in vivo, and thus may provide samples of disease cells that are more faithfully 
representative of the activity states of signaling proteins in diseased tissues. (See for 

25 example, Chen et al, J. Biotechnol, 97: 23-39, 2002; Licato et al., In Vitro Cell Dev 
BiolAnim, 37:121-6, 2001; and Goodwin et al., In Vitro Cell Dev. BiolAnim., 33: 366- 
74, 1997). Hollow-fiber bioreactor services are available for example from Cytomol, 
San Leandro CA. 
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Alternatively, therapeutic combinations may be selected based on prior success 
in treating the same types of pathway derangements observed and treated in other 
subjects. Another alternative is to refer to testing done on cultures obtained from other 
subjects having similar signaling derangements, such as patterns of activity states for 
5 several nodes in a signaling pathway or network. Yet another alternative is to refer to 
testing done on normal cells stimulated with effectors of particular pathways. Thus, not 
only is it possible to select individualized treatments for particular subjects, it is also 
possible to develop panels of drug combinations that may be used to treat particular 
patterns of signal pathway derangements by performing disclosed assays on cultured 
10 cells. 

The similarity between the signaling derangements (as manifested in patterns of 
activity states for signaling proteins of one or more signaling pathways or networks) 
amongst multiple subjects having similar diseases may be detected and measured using 
pattern recognition methods such as statistical and neural network methods (see, for 

15 example, Jain et al., "Statistical Pattern Recognition: A review," IEEE Transactions on 
Pattern Analysis and Machine Intelligence, 22: 4-37, 2000). Pattern recognition may 
also be used to detect the similarity of a particular subject's signaling derangements to 
those seen in the diseases of others. Such comparisons may be useful for selecting an 
appropriate treatment for the subject (that is, a treatment based on success in other 

20 subjects with similar derangements). Pattern recognition methods include principal 
component analysis, genetic algorithms, self-organizing maps, K-means clustering, 
Baysean-clustering algorithms, feed-forward and back-propagation neural networks, 
decision trees and combinations thereof. These techniques are also helpful for 
comparing diseased cells to normal cells for the purpose of identifying deranged 

25 signaling pathways. A percent similarity, such as a percent similarity greater than 60%, 
for example, greater than 70%, 80% or 90%, between derangement patterns may be 
used to make a decision on whether a treatment successful for treating a derangement 
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and/or aberrant cellular response in one subject may be used to treat another subject 
exhibiting a similar derangement pattern. 

In particular embodiments, the combination of therapeutic agents used to treat a 
disease characterized by an aberrant cellular response comprises two or more different 
5 drugs that separately target EGFr dimerization, EGFr phosphorylation, AKT 
phosphorylation, non- voltage gated calcium ion channels, cyclooxygenase-1, 
cyclooxygenase-2, MEK-1, NFKB/IKB, or P38. In more particular embodiments, the 
combination prevents shunting to or around a signaling pathway. For example, in one 
disclosed embodiment the combination includes a drug that inhibits MEK 

10 phosphorylation of ERK kinase, and shunting occurs via activation and phosphorylation 
of CREB. In still other particular embodiments, the combination comprises a 
prostaglandin pathway effector and a non-voltage gated calcium influx channel effector, 
Cal and a COX-2 inhibitor, an AKT kinase inhibitor in combination with an EGF 
dimerization inhibitor (e.g. herceptin) or an EGF kinase inhibitor (e.g. IRESSA), or a 

1 5 combination that comprises a PKCa agonist resulting in phosphorylation and activation 
ofPKCa. 

In one embodiment, a method is provided for selecting a combination of 
therapeutic agents for treatment of a disease caused by a deranged cell signaling 
pathway or cell signaling pathway network that leads to an aberrant cellular response. 

20 The method involves measuring the activity states for a plurality of different signaling 
proteins extracted from a diseased cell, where the signaling proteins are members of one 
or more signaling pathways or networks and determining whether the activity states 
measured for the plurality of signaling proteins extracted from the diseased cell are 
different than activity states measured for corresponding signaling proteins from a 

25 reference cell. Detected differences between the activity states of individual signaling 
proteins from the diseased cell and the activity states of the corresponding individual 
signaling proteins from the reference cell are used to identify targets for treatment with 
a combination of at least two different therapeutic agents. The therapeutic agents are 
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selected to target two or more different members of a protein signaling pathway or 
network that include an individual signaling protein for which a difference in activity 
state was detected between the diseased cell and the reference cell. The agents are also 
selected to reduce the difference in the activity state that was detected. In some 
5 instances the combination of therapeutic agents provides a synergistic improvement in 
efficacy of treatment of the aberrant cellular response when compared the combined 
efficacies of the agents administered alone at the same dose. 

Examples of activity states that can be measured include one or more of a 
protein-protein interaction, a post-translational modification, a protein cleavage, a 

10 translocation to an organelle or compartment, an ion channel activation, a concentration 
of a soluble mediator that is a product or a substrate of the protein, a protein-nucleic 
acid interaction, a protein-lipid interaction, or a protein-carbohydrate interaction. 
Examples of post-translational modifications include phosphorylation, farnesylation, 
myristylation acetylation or ubiquitinization. 

15 In particular embodiments the difference in activity states detected is an increase 

in the activity state of an individual signaling protein from the diseased cell in 
comparison to the same signaling protein in the reference cell. In this instance the 
therapeutic agents are selected to counteract the increase in the activity state of the 
individual signaling protein from the diseased cell. For example the increase in activity 

20 state of the individual signaling protein from the diseased cell can be an increase in 

phosphorylation. The therapeutic agents are then selected to counteract the increase in 
phosphorylation of the individual signaling protein from the diseased cell 

In other particular embodiment, the difference in activity states detected is a 
decrease in the activity state of an individual signaling protein from the diseased cell in 

25 comparison to the same signaling protein in the reference cell. In this instance, the 
therapeutic agents are selected to counteract the decrease in the activity state of the 
individual signaling protein from the diseased cell. For example, where the decrease in 
activity state of the individual signaling protein from the diseased cell is a decrease in 
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phosphorylation, the therapeutic agents are selected to counteract the decrease in 
phosphorylation of the individual signaling protein from the diseased cell. 

In other embodiments, the diseased cell is obtained from tissue of a subject and 
the diseased cell is isolated the diseased cell from the tissue of the subject, for example, 
5 by microdissection of the diseased cell from the tissue. In a particular embodiment 
laser capture microdissection is used. Alternatively, the diseased cell can be isolated by 
fluorescence activated cell sorting. The plurality of different signaling proteins in a cell 
sample comprising the diseased cell can also be extracted.. 

The activity states of the plurality of signaling proteins can be measured by any 

10 available method including protein microarray analysis, immunohistochemistry, 

antibody microarray analysis, or bead capture. In particular embodiments reverse phase 
protein microarray analysis is used. In more particular embodiments, reverse phase 
protein microarray analysis is used to detect phosphorylated signaling protein and/or the 
total amounts of the signaling proteins regardless of their phosphorylation state. If both 

15 are measured, the activity state of the signaling protein can be expressed as a ratio of the 
phosphorylated signaling protein to the total amount of the signaling protein. 

The reference cell that is used in the method can be a normal cell (such as a cell 
with a normal histological appearance), a cell before or after a treatment with a 
therapeutic agent or an effector of a signaling pathway, or a cell before or after a disease 

20 or a stage of disease. 

In other particular embodiments, the reference cell and the diseased cell are 
obtained from the same subject. In others, the reference cell is obtained from one 
subject and the diseased cell is obtained from another subject. Cells can also be 
cultured cells raised by stimulating growth and division of a diseased cell or a reference 

25 cell. 

Examples of aberrant cellular responses that can be treated in a subject using 
combinations of agents selected according to the disclosed methods include abnormal 
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growth, apoptosis, cytoskeletal remodeling, survival, receptor localization and 
distribution, gene transcription, motility, differentiation, proliferation, or angiogenesis. 

In other particular example the signaling proteins for which activity states are 
measured are members of a well-known signaling pathway such as an integrin pathway, 
5 a focal adhesion signaling pathway, an Akt signaling pathway, an IL-6R pathway, a 
growth factor pathway, a chemokine receptor signal pathway, a cell-cycle signaling 
pathway, a stress signal pathway, an apotosis signaling pathway, a Tau/beta signaling 
pathway, a pro-inflammatory pathway, a differentiation signaling pathway, a T-cell 
receptor pathway, a death-receptor signaling pathway, a survival signaling pathway, a 

10 MAPK signaling pathway, a p38 MAPK signaling pathway, a G-coupled Receptor 
signaling pathway, a SAPK/JNK signaling pathway, an insulin receptor signaling 
pathway, a Wnt signaling pathway, a c-Kit pathway, a c-kit signaling pathway, a B-cell 
antigen signaling pathway, or a Jak/Stat signaling pathway. 

In another embodiment, a method is provided for treatment of a subject having a 

15 disease caused by a deranged signaling pathway or network leading to an aberrant 
cellular response. In this embodiment a sample including a diseased cell is obtained 
from a subject, and the diseased cell is isolated. Proteins are extracted proteins from the 
diseased cell and the activity state of a signaling protein extracted from the diseased cell 
is measured. The activity state of the signaling protein extracted from the diseased cell 

20 is compared to an activity state measured for the signaling protein extracted from a 
reference cell to determine a difference in the activity states of the signaling protein 
between the diseased cell and the reference cell. A detected difference indicates that the 
signaling pathway of which the signaling protein is a member is a deranged signaling 
pathway or network. Based on this information a combination of at least two 

25 therapeutic agents is selected for administration to the subject. The selected agents are 
chosen to target two or more members of the deranged protein signaling pathway or 
network and to reduce difference in activity state between the diseased and normal cells. 
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Following treatment, additional signaling aberrations may be detected and used to select 
additional therapeutic agents that can be combined with the first combination. 

In yet another embodiment, a method is provided for screening combinations of 
drugs for treatment of a pathological condition. A combination of drugs targeting two 
5 or more nodes in an aberrant a protein signaling pathway or network of a diseased cell 
exhibiting the pathological condition is selected. In this instance the pathway or 
network of the diseased cell has a pattern of activity states at one or more nodes that 
differs in comparison to a pattern of activity states at the one or more nodes for a 
normal cell. Once the diseased cell is treated with the selected combination of drugs, it 

10 is examined to determine whether the combination of drugs produces a pattern of 

activity states in the diseased cell that is more like the pattern of activity states for the 
normal cell. This indicates that the combination is a candidate treatment of the 
pathological condition. Patterns of activity states can be determined and compared 
using pattern recognition techniques. In more particular embodiments, the pattern of 

1 5 activity states is a pattern of phosphorylation. 

In another more particular embodiment, a subject's tissue specimen (or cells 
obtained therefrom) is analysed (such as by immunohistochemistry, a protein array, an 
antibody array, bead captue or any other analyte measuring device) to determine 
whether concordant activation/phosphorylation of the c-kit family of proteins (see, for 

20 example, Miguel et al., PNAS, 99: 10458-10463, 2002, incorporated by reference 
herein) and the estrogen receptor is present. If concordant activation is present, a 
specific therapeutic combination of inhibitory molecules that includes a combination of 
an aromatase inhibitor (see, for example, Goss and STrasser-Weippl, Best Pract Res. 
Clin. Endocrinol Metab., 18: 1 13-130, 2004, incorporated by reference herein) for 

25 estrogen receptor inhibition and STI-572 for cukit/abl kinase inhibition (Novartis, Basel 
Switzerland) is selected. 
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The following examples are provided to illustrate certain particular features 
and/or embodiments, but these examples should not be construed to limit the invention 
to the particular features or embodiments described. 

5 Example 1 - Theoretical Model for Individualized Combinatorial Therapy 

The synergism exhibited by combinatorial signaling pathway therapy may be 
demonstrated with a theoretical analysis using differential equations to model a 
particular signaling pathway containing six components, including a bound ligand (1) 
that initiates the signal, that is bound by a receptor (2), four downstream intermediate 
10 nodes along the signaling pathway (3, 4, 5) and a final node (6), that lead to a final 
response. A diagram of the modeled signaling pathway is shown below. 



1 5 Assuming mass balance, the propagation of a signal through a series of 

interdependent nodes in a pathway can be modeled as a series of nodes passing along 
packets of information. When a signal is propagated, the individual proteins physically 
connect with one another, for example, with the help of enzymes to change their 
activation state. For instance, tyrosine kinases can enzymatically activate proteins by 

20 transferring a phosphate group from an ATP molecule to the protein. Phosphatases 

perform the reciprocal function of the tyrosine kinase, by removing the phosphate from 
the protein and consequently inactivating the protein. Thus the relative balance 
between protein interactions, kinase activity, and phosphatase activity at any point in 
time determines the activity level of an individualized node in the pathway, and it is 

25 possible to potentially modify each component (node) of the signal transduction 
pathway to influence the final response of the signal. 
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Signaling can be described in two segments: the propagation of the signal, and 
the initiation of the signal The propagation of the signal can be simply thought of as a 
series of nodes passing along information. Each node or protein individually can be 
represented through its change in activation state over time. For example, for the nodes 
3, 4 and 5: 

dX j c^i X2 - C32 dt 

4x4 = c 32 x 3 - c 41 x 4 dt 

dxs =c 4 ix 4 -c 42 x 5 dt 
where c is the rate of change. The transfer of the signal can be expressed as a 
continuous flow between nodes over time or as a pulse of energy that is transferred at 
some time as an impulse function. The latter means of transfer can be expressed by 
assuming that the transfer occurs after the energy accumulates to a threshold value, T. 

dx* = f c 42 x 5? x 5 > T 

dt i 

I 0, x 5 < T 

Initial conditions: 

x 1 = 1 x 2 = 1 @ t = 0 

Signals can also be initiated by other methods, such as receptor auto- 
phosphorylation. The theory of population dynamics can characterize the interaction 
and interdependence of the ligand and the receptor. Using this method the 
concentration of the bound ligand and the occupied phosphorylated receptor are 
expressed in terms of their birth and death rates. 
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dt 

dx 2 



(b 2 -d 2 -c 31 )x 2 



dt 



The dynamics of this interaction can be expressed through the birth and death 
rates of the ligand and receptor. By equating this interaction to an enzyme - substrate 
kinetics, we can use either the Michaelis - Menten equation or the Hill equation to 
describe this interaction. Using the Michaelis - Menten equation, 

v = Vmax rSI 
(Km 4- [S]) 

the forward rate of bound ligand amount at time t can be expressed as 
b, = c^ix^/x^+x^) 



and since the receptor and ligand are linked, the birth rate of the receptor, which 
represents the kinase activity can be expressed as: 



Now, since our model exists within a nutrient constrained system. The death 
rate of the ligand is expresses the phosphatase's dephosphorylation activity. If the ratio 
of the ligand were low, there would be a rapid influx of phosphatases that can be 
quantitatively expressed through the power function. 



c 12 + (x 2 /x, +x 2 ) 



b 2 - c 21 t>! 



d, = c 13 (x, / x, + x 2 ) 2 
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The death rates of the receptor and ligand are also linked. 

d 2 = c 23 d, 

5 From an understanding of the mechanism of the receptor - ligand interaction, it 

is possible to simply the representation of the receptor-ligand interaction in the model. 
Using Lund's model of the EGF receptor and ligand interaction (Lund et al., J Biol 
Chem, 265:15713-23, 1990), it is possible to deduce that the internalization rate of the 
receptor complex is proportional to the amount of activated complex. 
10 Using MATLAB, an approximate solution of these interdependent differential 

equations may be obtained and used to deduce the level of inhibition. As shown in 
Table 1, the model reveals that targeting several interdependent signal nodes at a low 
dosage (30 %) is equivalent in efficacy to inhibiting the primary upstream receptor node 
by 90%. 

15 

Table 1 



INHIBIT: 

@ 


Receptor 
Only 


Receptor & 
Next Node 


Receptor & 
Middle Node 


Receptor & 
Next Node & 
Middle Node 


Receptor & 
Next Node & 
Middle Node & 
Final Rsp 


30% 


86.96 % 


70% 


86.96 % 


70% 


70% 


60% 


76.92 % 


40 % 


76.92 % 


40% 


39.7% 


90% 


68.96 % 


10% 


63.84 % 


9.24% 


5.66% 



A table of inhibitor concentrations can be used to predict the end response of a 
pathway to inhibition at particular nodes in the pathway, as shown in Tables 2-11. 
20 Since it is apparent that a high degree of efficacy can be achieved with a low dose of 
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each inhibitor; reduced toxicity (i.e. probability of cross reaction) for drug compounds 
in the combination can be realized. This unexpected outcome leads to a method of 
optimization of therapy by finding the lowest dose at multiple interdependent targets. 
This is completely the opposite from conventional therapy, which strives to find the 
highest tolerable dose at a single target. 



Table 2: Level of Final Response (100% = 0.5000) 



Level of, ^ > Receptor Inhibition 







90% 


80% 


70% 


60% 


50% 


40% 


30% 


20% 


10% 


5% 


0% 


c 


90% 


0.0500 


0.0526 


0.0556 


0.0588 


0.0625 


0.0667 


0.0714 


0.0769 


0.0833 


0.0870 


.0909 


o 


80% 


0.0952 


0.1000 


0.1053 


0.1111 


0.1176 


0.1250 


0.1333 


0.1429 


0.1538 


0.1600 


.1667 




70% 


0.1364 


0.1429 


0.1053 


0.1579 


0.1667 


0.1765 


0.1875 


0.2000 


0.2143 


0.2222 


.2308 


del 


60% 


0.1739 


0.1818 


0.1905 


0.2000 


0.2105 


0.2222 


0.2353 


0.2500 


0.2667 


0.2759 


.2857 


o 

z 


50% 


0.2083 


0.2174 


0.2273 


0.2381 


0.2500 


0.2632 


0.2778 


0.2941 


0.3125 


0.3226 


.3333 


X 
V 

Z 


40% 


0.2400 


0.2500 


0.2609 


0.2727 


0.2857 


0.3000 


0.3158 


0.3333 


0.3529 


0.3636 


.3750 


>f 


30% 


0.2692 


0.2800 


0.2917 


0.3043 


0.3182 


0.3333 


0.3500 


0.3684 


0.3889 


0.4000 


.4118 


:1 of, 


20% 


0.2963 


0.3077 


0.3200 


0.3333 


0.3478 


0.3636 


0.3810 


0.4000 


0.4211 


0.4324 


/\/\<]/] 


j 


10% 


0.3214 


0.3333 


0.3462 


0.3600 


0.3750 


0.3913 


0.4091 


0.4286 


0.4500 


0.4615 


.4737 




5% 


0.3333 


0.3455 


0.3585 


0.3725 


0.3878 


0.4043 


0.4222 


0.4419 


0.4634 


0.4750 


.4872 




0% 


.3448 


.3571 


.3704 


.3846 


.4 


.4167 


.4348 


.4545 


.4762 


.4878 


0.5000 







Table 3: Level of Final Response 


(100% 


= 0.5000) 






Level of, 34 j Receptor Inhibition 






90% 


80% 


70% 


60% 


50% 


40% 


30% 


20% 


10% 


5% 


0% 


c 


90% 


0.3192 


0.3305 


0.3427 


0.3558 


0.3699 


0.3852 


0.4019 


0.4200 


0.4398 


0.4504 


0.4616 


.2 


80% 


0.3428 


0.3550 


0.3681 


0.3823 


0.3975 


0.4141 


0.4321 


0.4517 


0.4732 


0.4847 


0.4968 


Inhi 


70% 


0.3446 


0.3569 


0.3702 


0.3844 


0.3998 


0.4164 


0.4345 


0.4543 


0.4759 


0.4875 


0.4997 


ode 


60% 


0.3448 


0.3571 


0.3703 


0.3846 


0.4000 


0.4166 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 


z 

u 


50% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 


T3 
•O 


40% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 


a 


30% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 


0 


20% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 


1 


10% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 




5% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 




0% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 
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Table 4: Level of Final Response (100% = 0.5000) 



Level of, x, ( Receptor Inhibition 







. 90% 


80% 


70% 


60% 


50% 


40% 


30% 


20% 


10% 


5% 


0% 


c 


90% 


0.2565 


0.2857 


0.2857 


0.2857 


0.2970 


0.3092 


0.3224 


0.3368 


0.3526 


0.3610 


0.3699 


,2 


80% 


0.3221 


0.3335 


0.3458 


0.3590 


0.3733 


0.3887 


0.4055 


0.4238 


0.4438 


0.4546 


0.4659 


■S 
e 


70% 


0.3389 


0.3510 


0.3640 


0.3779 


0.3930 


0.4093 


0.4271 


0.4465 


0.4676 


0.4790 


0.4910 


del 


60% 


0.3433 


0.3555 


0.3687 


0.3829 


0.3982 


0.4147 


0.4327 


0.4524 


0.4739 


0.4855 


0.4976 


I No 


50% 


0.3444 


0.3567 


0.3699 


0.3841 


0.3995 


0.4161 


0.4342 


0.4540 


0.4756 


0.4872 


0.4993 


c 


40% 


0.3447 


0.3570 


0.3703 


0.3845 


0.3999 


0.4165 


0.4346 


0.4544 


0.4760 


0.4876 


0.4998 


/ 


30% 


0.3448 


0.3571 


0.3703 


0.3846 


0.4000 


0.4166 


0.4347 


0.4545 


0.4761 


0.4878 


0.4999 


:l of, 


20% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 


f 


10% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 




5% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 




0% 


0.3448 


0.3571 


0.3704 


0.3846 


0.4000 


0.4167 


0.4348 


0.4545 


0.4762 


0.4878 


0.5000 



Table 5: Single Level of Inhibition— Level of Final Response (100% = 0.5000) 


Level of 

Node 
Inhibition 


90% 


80% 


70% 


60% 


50% 


40% 


30% 


20% 


10% 


5% 


0% 


x 2 


.3448 


!3571 


.3704 


.3846 


.4 


.4167 


.4348 


.4545 


.4762 


.4878 


.5 


x 3 


.0909 


.1667 


.2308 


.2857 


.3333 


.3750 


.4118 


,4444 


.4737 


.4872 


.5 


x 4 


.4616 


.4968 


.4997 


.5 


.5 


.5 


.5 


.5 


.5 


.5 


.5 


x 5 


.4616 


.4968 


.4997 


.5 


.5 


.5 


.5 


.5 


.5 


.5 


.5 


\ 


.3699 


.4659 


.4910 


.4976 


.4993 


.4998 


.4999 


.5 


.5 


.5 


.5 



Table 6 



90% Inhibition 


X 2 


X 3 


X 4 


X 5 


X 6 


X 2 


.3448 


0.0500 


0.3192 


0.3192 


0.2565 


X 3 




.0909 


0.0832 


0.0832 


0.0662 


X 4 






.4616 


0.3742 


0.2835 


X 5 








.4616 


0.2835 


X 6 










.3699 
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Table 7 



80% Inhibition 


X 2 


X 3 


X 4 


X 5 


X 6 


X 2 


.3571 


0.1000 


0.3550 


0.3550 


0.3335 


X 3 




.1667 


0.1654 


0.1654 


0.1544 


X 4 






.4968 


0.4843 


0.4405 


X 5 








.4968 


0.4405 


X 6 










.4659 



Table 8 



70% Inhibition 


x 2 


X 3 


X 4 


X 5 


X 6 


X 2 


.3704 


0.1053 


0.3702 


0.3702 


0.3640 


X 3 




.2308 


0.2306 


0.2306 


0.2262 


x 4 






.4997 


0.4982 


0.4848 


X 5 








.4997 


0.4848 


X 6 










.4910 



Table 9 



60% Inhibition 


X 2 


X 3 


X 4 


X 5 


X 6 


X 2 


.3846 


0.2000 


0.3846 


0.3846 


0.3829 


X 3 




.2857 


0.2857 


0.2857 


0.2842 


x 4 






.5 


0.4998 


0.4961 


X 5 








.5 


0.4961 


x 6 










.4976 



Table 10 



50% Inhibition 


X 2 


X 3 


X 4 


X 5 


X 6 


X 2 


.4 


0.2500 


0.4000 


0.4000 


0.3995 


X 3 




.3333 


0.3333 


0.3333 


0.3328 


X 4 






0.5000 


0.5000 


0.4990 


X 5 








0.5000 


0.4990 


X 6 










.4993 
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Table 11 



30% Inhibition 


X 2 


X 3 


X 4 


X 5 


X 6 


X 2 


.4348 


0.3500 


0.4348 


0.4348 


0.4347 


X 3 




.4118 


0.4118 


0.4118 


0.4117 


X 4 






0.5000 


0.5000 


0.4999 


X 5 








0.5000 


0.4999 


X 6 










0.4999 



Extending this concept to tyrosine kinase inhibitors, it is possible to develop 
selective and specific inhibitors for each node of a pathway. By administering at least 
5 two specific inhibitors of the same pathway (or at least with some interdependence of 
their influence on the final response of the pathway) at lower doses, it is possible to 
enhance the therapeutic efficacy, reduce the cytotoxicity, and minimize shunting of 
targets along the pathway. This form of combinatorial therapy is novel since the drug 
compounds are acting upon interdependent targets. 

10 

Example 2 

Signal Pathway and Signal Network Profiling Using Microarrays 

Protein microarrays are well suited to gathering information about the post- 
15 translational modifications of proteins that reflect their activity state in signal pathways 
and networks. Reverse Phase Arrays (RPA), are one example of a protein array that 
may be used to measure activity states in diseased cells isolated from clinical samples, 
and can be used to identify candidate treatments of aberrant cell signaling diseases. 
Candidate treatments can be selected either for a population at large or tailored for the 
20 specific cell signaling pathway or network in a specific subject. 

A functional map of the state of key pathways within a subject's diseased cells 
(such as tumor and pre-malignant cells) is one starting point for individualized therapy 
because it permits a therapy to be tailored to an individual's molecular signaling 
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defects. Moreover, following re-biopsy or molecular imaging, the effect of the 
treatment can be monitored in real time. If a subject develops resistance to an initial 
therapy, the treatment can also be altered to address the evolving drug resistance. The 
map can be used to select combinations of therapeutic agents that can oppose the 
5 aberrant pattern of signaling (as reflected by the activity states of the proteins in a 

protein signaling pathway or network) and return the aberrant pattern to a more normal 
pattern of signaling where the activity states of individual signaling proteins in an 
aberrant pathway more closely match the activity states seen for non-diseased cells. For 
example, if hyperphosphorylation of a particular signaling protein is detected in 

10 diseased cells, a combination of therapeutic agents that will decrease the 

phosphorylation level of the signaling protein could be selected. A decrease in the 
phosphorylation level could be accomplished with a combination of agents that inhibit 
upstream signaling events that lead to phosphorylation of the particular protein, either 
directly or indirectly (such as at preceding steps in a pathway). Alternatively, a 

1 5 decrease in phophorylation could be accomplished with a combination of agents that 
stimulate dephosphorylation of the hyperphosphorylated protein. For example, a 
combination of agents that stimulate the action of a phosphatase that is responsible for 
dephosphorylating the hyperphosphorylated protein and stimulate another downstream 
signaling event along the pathway. Combinations that both inhibit phosphorylation of 

20 the hyperphosphorylated protein and stimulate desphosphorylation of the 

hyperphosphorylated protein are also possible. Other combinations that can be used to 
return an aberrant activity state of a signaling protein to a more normal activity state are 
possible and will be apparent to those of ordinary skill in the art. 

The state of protein networks is embodied in post translational modifications 

25 and protein-protein, and protein-DNA interactions (see, for example, Hunter, 

"Signaling-2000 and beyond," Cell, 100:1 13-127, 2000). At an experimental level, the 
state of specific "nodes" or signaling proteins comprising a portion of a signal pathway 
or cascade can be judged even though the cell is lysed. This is possible if a) the lysis 
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conditions preserve relevant post-translational modifications, protein-protein binding, or 
enzymatic activity associated with the pathway under investigation, and b) the 
measurement system can discriminate the activated form of the node protein (e.g. 
phosphorylation state or occupancy of a binding site) from the non activated 
5 counterpart. Typically the experimental method for mapping pathways following 
stimulation of cultured cells includes western blotting, and immunoprecipitation (pull 
down) assays. Protein microarrays, however, can dramatically multiplex, quantify, 
accelerate, and miniaturize, this type of analysis. Although protein arrays are often 
portrayed as an extension of transcript profiling arrays, in reality the two technologies 

10 provide information that is distinct and complementary. The relative level of a 

transcript often bears no relationship to the subsequent encoded protein level, and will 
not measure posttranslational events. 

Where information flow through a specific node in the proteomic network 
includes phosphorylation of a known protein at a specific amino acid sequence, 

1 5 measurement of the proportion of the protein molecules that are phosphorylated reflects 
the activity state of that node in the signaling pathway or network. If a comparison of 
this measurement is made over time, or at stages of disease progression, or before and 
after treatment, a correlation can be made between the activity state of the node and the 
biologic or disease state. Expanding this concept using protein microarrays to conduct 

20 simultaneous analysis of dozens or hundreds of specific activation states, the outcome is 
a snapshot of the state of entire networks of cellular information at the proteomic level. 

Protein microarrays may be used for: a) Discovery of novel ligands or drugs that 
bind to specific bait molecules on the array, b) Multiplexing immunoassays to develop a 
miniature panel of serum biomarkers or cytokines, and c) Profiling the state of specific 

25 members of known signal pathways and protein networks. For the purposes a) and b), a 
variety of other techniques exist, for example, mass spectroscopy, ICAT, 2-D gel 
electrophoresis, bead capture, micro-ELISA and various other clinical analyzers. 
Although each of these can be used for signal pathway profiling, the use of protein 
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microarrays, especially reverse phase arrays, for profiling the signaling proteins of 
cellular samples and clinical material offers a number of advantages over the other 
methods. 

Protein microarray formats fall into two major classes, Forward Phase Arrays 
5 (FPA) and Reverse Phase Arrays (RPA), depending on whether the analyte is captured 
from solution phase or bound to the solid phase. Forward Phase Arrays (FIG. 1 A) 
immobilize a bait molecule such as an antibody designed to capture specific analytes 
within a mixture of test sample proteins (left). The bound analytes are detected by a 
second sandwich antibody, or by labeling the analyte directly (right). Reverse Phase 

10 Arrays immobilize the test sample analytes on the solid phase (FIG. IB). An analyte- 
specific ligand (such as an antibody; left) is applied in solution phase. Bound 
antibodies are detected by secondary tagging and signal amplification (right). 

In the FPA format each array is incubated with one test sample (e.g. a cellular 
lysate from one treatment condition), and multiple analytes are measured at once. In 

15 contrast, the RPA format immobilizes an individual test sample in each array spot, such 
that an array is comprised of hundreds of different patient samples or cellular lysates. 
In the RPA format each array is incubated with one detection protein (e.g. antibody) and 
a single analyte endpoint is measured and directly compared across multiple samples. 

Each spot within an RPA contains an immobilized bait zone typically measuring 

20 only a few hundred microns in diameter and containing a solubilized sample of the 

cellular material itself. Following tissue procurement and microdissection, the cells are 
lysed and the cellular proteomic repertoire is immobilized onto a solid phase (FIG. 2, 
top). The immobilized analyte proteins containing those signaling proteins that are 
phosphorylated during signal transduction are probed with two classes of antibodies that 

25 specifically recognize a) the phosphorylated (modified) form of the protein, or b) the 
total protein regardless of its modified state. Each test sample S1-S4 is arrayed and 
immobilized in a miniature dilution curve (FIG. 2, middle). Upon signal development 
and imaging, the relative proportion of the analyte protein molecules that are 
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phosphorylated can be compared between test samples on the same array. For example 
S3 has a low ratio of phosphorylated to total protein while sample S4 has a high ratio 
(see FIG. 2, bottom). 

The high sensitivity exhibited by RPAs is due in part to the detection probe 
5 (such as an antibody) which can be tagged and the fact that the signal is amplified 

independently from the immobilized analyte protein. Amplification chemistries that are 
available take advantage of methods developed for highly sensitive commercial clinical 
immunoassays (see, for example, King et al., "A highly sensitive detection method for 
immunohistochemistry using biotinylated tyramine," J Pathol 183: 237-241, 1997). 

10 Coupling the detection antibody with highly sensitive tyramide-based avidin/biotin 

signal amplification systems can yield detection sensitivities down to fewer than 1000- 
5000 molecules/spot. A biopsy of 10,000 cells can yield 100 RPA arrays, and each 
array can be probed with a different antibody. 

Using commercially available automated equipment, RPAs exhibit excellent 

15 within run and between run analytical precision (3-10% c.v.) (FIG. 3). RPAs do not 
require direct labeling of the sample analyte, and do not utilize a two-site antibody 
sandwich. Therefore, there is no experimental variability introduced due to labeling 
yield, efficiency, or epitope masking. As each array is comprised of dozens or hundreds 
of experimental samples, subtle differences in an analyte can be measured because each 

20 sample is exposed for the same amount of time to the same concentration of primary 
and secondary antibody and amplification reagents. RPA platforms can utilize reliable 
commercially available automated stainers designed for immunohistochemistry. FIG. 3 
shows a) an annexin-1 stained slide of triplicate arrayed dilution curves ranging over 
one log of cellular equivalents loaded per spot, b) a graph showing the linearity between 

25 immobilized protein lysate and signal intensity between seven replicate slides, and c) a 
graph showing the intra and inter-spot coefficient of variance %CV. 

A factor determining the linearity of a protein array, common to all 
immunoassays, is the match between the antibody probe concentration (affinity 
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constant) and the unknown concentration of the analyte (Humphery-Smith et al., 2002). 
Another special and important attribute of the RPA is that each sample is applied in a 
miniature dilution curve on the array (FIG. 2). In principle a calibration curve is 
developed for each antibody, for each sample, and for each analyte concentration. This 
5 provides an improved means of matching the antibody concentration with the analyte 
concentration so that the linear range of each analyte measurement is insured. 

A starting point for the development of any protein array method is the selection 
of antibodies with high specificity and adequate affinity. If the experimental focus is 
cellular signaling analysis, then the platform will employ at least two different kinds of 

10 antibodies for each protein. For example, one antibody may be chosen to recognize the 
phosphorylated form of the protein and the second chosen to recognize the protein 
regardless of its phosphorylation status. The relative signal generated by both 
antibodies will reflect the relative proportion of the total protein that is phosphorylated, 
and therefore activated, at the time the cell was lysed or the tissue was frozen. Selection 

15 of antibodies is predicated on the signal pathways to be evaluated, and commercial 
sources exist for many antibodies recognizing the phosphorylated form of signaling 
proteins (including Biosource, Camarillo, CA; Upstate, Waltham MA; Cell Signaling, 
Beverly MA; New England Biolabs, Beverly MA; Santa C; Oncogen; Promega; 
BDTrans; and Sigma). For example, if the pathway of interest emanates from the EGF 

20 receptor family, then an example set of antibodies could include those that recognize the 
phosphorylated and non-phosphorylated forms of, ERB1, ERB2, cRaf, ERK1/2, AKT, 
CREB, IkappaB, STAT1/3, ELK, BAD, FKHRL, and GSK3B. 

Prior to use on an array, each antibody is validated for specificity and 
sensitivity. Specificity testing may be performed by western blotting, preferably using 

25 the same class of material that will be applied to the array. A criterion for specificity is 
a single band at the appropriate molecular weight, which can be competed with the 
immunizing antigen. The dilution of the primary antibody will be dictated by the 
relative binding affinity. This is determined empirically using a known concentration of 
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reference antigen or control lysate. Over one hundred validated (out of approximately 
400) commercially available phospho-specific or modification specific antibodies 
covering mitogenesis, survival, apoptosis, differentiation and motility related pathways 
are provided below in Table 12. 

5 

Table 12 



Phospho-Antibodies 


MW 


Company 


Host 


Dilution 


4E-BP1 (Ser65) 


<20 


NEB 


rabbit 


1:1000 


4E-BP1 (Thr70) 


<20 


NEB 


rabbit 


1:1000 


14-3-3 Binding Motif 




CellSig 


rabbit 


1:1000 


Adducin (Ser662) 


80/120 


Upstate 


rabbit 


1:1000 


Adducin (Ser724) 


80-120 


Upstate 


mouse 


1:1000 


AFX (Serl93) 


60 


NEB 


rabbit 


1:1000 


Akt (Ser473) 


65 


Biosource 


rabbit 


1:1000 


Akt (Ser473) 


64 


NEB 


rabbit 


1:1000 


Akt (Thr308) 


65 


Biosource 


rabbit 


1:1000 


Akt (Thr308) 


64 


Upstate 


rabbit 


1:1000 


Akt (Thr308) 


60 


CellSig 


rabbit 


1:1000 


AMPK (Thrl72) 


62 


CellSig 


rabbit 


1:1000 


Arrestin 1 (P) 


50 


CellSig 


mouse 


1:1000 


ATF-2 (Thr71) 


65 


Upstate 


rabbit 


1:1000 


ATF-2 (Thr71) 


65 


NEB 


rabbit 


1:1000 


Aurora 2/AIK (Thr288) 


48 


CellSig 


rabbit 


1:1000 


Bad(Serll2) 


23 


Biosource 


rabbit 


1:1000 


Bad (Serl 12) 


23 


NEB 


rabbit 


1:1000 


Bad (Serl 12) 


23 


Upstate 


rabbit 


1:500 


Bad (Serl 36) 


23 


Biosource 


rabbit 


1:500 


Bad (Serl 36) 


23 


NEB 


rabbit 


1:500 


Bad (Serl 36) 


23 


Upstate 


rabbit 


1:500 


Bad (Serl 55) 


23 


NEB 


rabbit 


1:1000 


Bcl-2 (Ser70) 


28 


CellSig 


rabbit 


1:1000 


BRCA1 (Serl497) 


250 


Upstate 


rabbit 


1:500 


C3G (Tyr 504) 




Santa C 






CAD (Thr456) 




Santa C 






Caldesmon (Ser789) 


140 


Upstate 


rabbit 


1:250 
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CaM Kinase II (Thr286) 


52/60 


Promega 


rabbit 


1:5000 : 


CaM Kinase II a (Thr286) 


50 


Upstate 


mouse 


1:500 


CaM Kinase D a (Thr286) 


50 


SigmaRBI 


mouse 


1:1000? 


CaM Kinase II <x/p (T286/287) 


50/60 


Upstate 


rabbit 


1:1000 


Caspase-3, cleaved (D175) 


17/19 


NEB 


rabbit 


1:1000 


Caspase-6, cleaved (Asp 162) 


18 


CellSig 


rabbit 


1:1000 


Caspase-8, cleaved (Asp384) 


10 


CellSig 


mouse 


1:1000 


Caspase-9 (Serl96) 




Santa C 






Caspase-9, cleaved (315/316) 


10 


Biosource 


rabbit 


1:500 


Caspase-9, cleaved (D315) 


37 


NEB 


rabbit 


1:1000 


Catenin(beta) (Ser33/37/Thr41) 


85 


CellSig 


rabbit 


1:1000 


Catenin(beta) (Thr41/Ser45) 


85 


NEB 


rabbit 


1:1000 


Caveolin (Tyrl4) 


22 


BDTrans 


mouse 


1:2500 


CD3-zeta(<y (C415.9A) 




Santa C 






CD45 (Ser940) 




Santa C 






Cdc2 (Thrl6l) 


34 


CellSig 


rabbit 


1:1000 


Cdc2 (TyrlS) 


35 


NEB 


rabbit 


1:1000 


Cdc6 (SerI06) 




Santa C 






Cdc25 (Ser216) 9DI 


57 


CellSig 


mouse 


1:1000 


Cdc25 (Ser216) 


57 


CellSig 


rabbit 


1:500 


Cdc25C (HMIP-3) (Ser216) 


56-59 


Oncogen 


rabbit 


1:2000 


CdCz3L (I nr48) 


80 


CellSig 


rabbit 


1:1000 


Cdkl (Inrl4/Iyrl5) 


34? 


Biosource 


rabbit 


1:1000 


Cdkz (InrloO) 


33 


CellSig 


rabbit 


1:1000 


Cdk5 (Serl59) 




Santa C 






Cdk5 (Tyrl5) 




Santa C 






Chkl (Ser345) 


56 


CellSig 


rabbit 


1:1000 


cumin voerj ) 




Santa C 






Connexin-43 (Ser255) 




Santa C 


rabbit 


1:500 


Connexin-43 (Ser279/282) 




Santa C 






CREB (Serl33) 


46 


CellSig 


rabbit 


1:1000 


CREB (Serl33)lB6 


43 


CellSig 


mouse 


1:2000 


Cyclin-A (Serl54) 




Santa C 


rabbit 


1:500 


Cyclin-E (Thr395) 




Santa C 






DFF45, cleaved (D224) 


-10 


NEB 


rabbit 


1:250 


Dynamin I (Ser795) 




Santa C 






eEF2 (Thr56) 


100 


CellSig 


rabbit 


1:1000 


EGFR (Tyr845) 


170 


Biosource 


rabbit 


1:1000 
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c\j r i\ ^ i yi 77i ) 


1 7^ 




rabbit 


i ■ i nnn 
1 . 1 uuu 


FGFR fTvrl 04 M 
cur ix ^ i yi i yj^xj j 


1 75 i 


fVIKio 


rabbit 


1 . 1 uuu 


FGFR fTvr 10£5Tl 1 


1 OJ 


O 1ACAI irPA 

Diobourue 


rabbit 


1 . 1 uuu 


FGFR fTvrl 08r7\ 


1 


D inert it mo 


rabbit 


i • i Ann 
1 . 1 uuu 


FGFR fTvrl 14JO 1 
i_>vj r iv ^ i y 1 1 1 to j 


1 70 


Biosource 


rabbit 


l . 1 uuu 


FGFR fTvrl 1 T\\ 


1 85 


RirtCAnrr-p 
D lUJsUUItC 


rabbit 


1 . 1 uuu 


EGFR (Tyrll73) 


170 


Upstate 


mouse 


1:1000 


EGFR non-phospho 


17U 


Upstate 


mouse 


1 : 1 000 


eIF2ct (Ser51) 


36 


Biosource 


rabbit 


1:1000 


eIF2a (Ser51) 


-40 


NEB 


rabbit 


1:1000 


eIF4E (Ser209) 


25 


Biosource 


rabbit 


1:1000 


eIF4E (Ser209) 


27 


CellSig 


rabbit 


1:1000 


eIF4G (Serll08) 


200 


CeilSig 


rabbit 


1:1000 


Elk-1 (Ser383) 


55 


NEB 


rabbit 


1:1000 


Elk-1 (Ser383) 


62 


CellSig 


mouse 


1:1000 


eNOS (Serl 16) 


132 


Upstate 


rabbit 


1:500 


eNOS (Serl 177) 


about 
150 


NEB 


rabbit 


1:1000 


eNOS (Thr495) 


132 


Upstate 


rabbit 


1 


1000 


ErbB2 (Tyr877) 


185 


CellSig 


rabbit 


1 


1000 


crDoz ^ i yr 1 1 \L) 


1 B5 
loJ 


ueuoig 


rabbit 


1 


1000 


ErbB2 fTvrl 24fO 


185 


CellSip 




1 


1000 


ErbB2 (Tyrl248) 


185 


Upstate 


rabbit 


1 


2000 


ERKl/2(Thrl83) 


42/44 


Promega 


rabbit 


1 


4000 


ERKl/2(Thr202Ayr204) 


42/44 


CellSig 


rabbit 


1 


1000 


ERKl/2(Thr202/Tyr204) 


42/44 


NEB 


mouse 


1 


2000 


ERK1&2/MAPK (Thrl85/Tyrl87) 


42/44 


Biosource 


rabbit 


1 


1000 


ERK5/BMK1 (Thr218/Tyr220) 


88 (30- 
35) 


Biosource 


rabbit 


1 


5000 


Estrogen Receptor a (Serl 18) 


65.5 


CellSig 


mouse 


1:1000 


Estrogen Receptor a (Serl 67) 




Santa C 






Etk (Tyr40) 


76 


CellSig 


rabbit 


1:1000 
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Ezrin (Tyrl46) 




Santa C 






Ezrin (Tyr354) 




Santa C 






hADD (Sen 94) 




Santa C 






FAK (Ser722) 


125 


Biosource 


rabbit 


1:1000 


FAK (Ser910) 


125 


Biosource 


rabbit 


1:1000 


rAis. ^lyrJy /; 


Izj 


Biosource 


rabbit 


1 . 1 UUU 


FAK (Tyr407) 


125 


Biosource 


rabbit 


1:500 | 


FAK (Tyr576) 


125 


Biosource 


rabbit 


1:1000 


r/vrv y i yi j / i j 


1 




rabbit 


1 -400 


FAK (Tyr861) 


125 


Biosource 


rabbit 


1:600 


FAK (Tyr925) 


125 


Biosource 


rabbit 


1:1000 


FKHR (Ser256) 


62 


NEB 


rabbit 


1:1000 


FKHRL1 (Ser253) 


97 


Upstate 


rabbit 


1:500 


FKHRL1 (Thr32) 


100 


Upstate 


rabbit 


1:1000 


FKHR(Thr24)/FKHRL 1 (Thr32) 


68/97 


CellSig 


rabbit 


1:1000 


Fig (Tyr766) 




Santa C 






Gab (Tyr627) 




Santa C 






uluK-i (oerooJ) 




Santa C 






gpiJU (pervoz) 




bantaC 






Ooro alpha/beta (aerz 1/9) 


51/47 


NEB 


rabbit 


1 • 1 AAA 
1 . 1 UUU 


ubroaipna/beta ( 1 yrz /y/z 1 o) 


51/4/ 


Biosource 


rabbit 


1 .OUU 


UoKJoeta (aery) 


An 
4/ 


Biosource 


rabbit 


1 /iaaa 
1 .4UUU 


OaKJbeta ( 1 yrz 1 o) 




Santa C 






Hz AX (aerl J9) 


14 


Upstate 


rabbit 


1 • 1 AAA 
1 . 1 UUU 


ncK ^ 1 yr*f 1 1 ) 




Santa C 






Histone HI hyperphosphorylated 


32(64,1 
30) 


Upstate 


rabbit 


1:1000 


Histone H3 (SerlO) 6G3 


17 


CellSig 


mouse 


1 :2000 


Histone H3 (SerlO) 


17 


Upstate 


rabbit 


1:2000 


Histone H3 (Ser28) 


17 


Upstate 


rabbit 


1:1000 


Histone (Acetyl-) H3 (Lys9) 


17 


CellSig 


rabbit 


1:1000 


HSP 27 (Serl 5) 


27 


Upstate 


sheep 


1:200 


HSP 27 (Ser78) 


27 


Upstate 


sheep 


1:300 


HSP 27 (Ser82) 


27 


CellSig 


rabbit 


1:1000 


iKBa (Ser32) 


40 


NEB 


rabbit 


1:1000 


iKBa (Ser32/36) 5A5 


40 


CellSig 


mouse 


1:1000 
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InsulinR (Yl 146)/IGF-IR (Yl 131) 


95 


CellSig 


rabbit 


1:1000 


InsulinR/IGFlR (Yl 158) 


95 


Biosource 


rabbit 


1:1000 


InsulinR/IGF-lR(Yl 162/1 163) 


95 


Biosource 


rabbit 


1:1000 


Integrin (31 Receptor (T788/789) 


130 


Biosource 


rabbit 


1:1000 


IRS-1 Substrate (Ab-1) 




Oncogen 


rabbit 


1:5000 


IRS-1 (Ser616) 


165 


Biosource 


rabbit 


1:300 


Jakl (Tyrl022/1023) 


130 


Biosource 


rabbit 


1:1000 


Jak2 (Tyrl 007/1 008) 


130 


Biosource 


rabbit 


1:2000 


Jak2 (Tyrl 007/1 008) 


130 


Upstate 


rabbit 


1:1000 


JNK1 &2/SAPK (Y 183/1 85) 


46 & 
54 


Biosource 


rabbit 


1:1000 


c-Jun (Ser63) 


47 


NEB 


rabbit 


1:1000 


c-Jun (Ser63) KM-1 




Santa C 


mouse 




c-Jun (Ser73) 


48 


CellSig 


rabbit 




1000 


Kiplp27 (Thrl87) 


27 


Upstate 


rabbit 


1 


1000 


Lck (Serl58) 


56 


Biosource 


rabbit 


1 


1000 


Lck (Tyrl 92) 


56 


Biosource 


rabbit 


1 


1000 


Lck (Tyr505) 


56 


Biosource 


rabbit 


1 


1000 


Leptin Receptor (Tyr985) 


150 
(90) 


Upstate 


rabbit 


1 


1000 


Leptin Receptor (Tyrl 138) 


150 
(90) 


Upstate 


rabbit 


1:1000 


Lyn (Tyr507) 


53,56 


CellSig 


rabbit 


1:1000 


Lyn (Tyr508) 




Santa C 






MAPKAP Kinase-2 (Thr222) 


66 


Upstate 


rabbit 


1 


1000 


MAPKAPKinase-2 (Thr334) 


47 


CellSig 


rabbit 


1 


1000 


M-CSF Receptor (Tyr723) 


175 


CellSig 


rabbit 


1 


1000 


MEK-l/2(Ser2 17/221) 


45 


CellSig 


rabbit 


1 


1000 


MEK-l/2(Ser2 18/222) 




Santa C 






MEK-3/6 (Serl89) 




Santa C 
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mouse 
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Upstate 


rabbit 
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40/35 


NEB 


rabbit 


1:1000 
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MLC (Thrl8/Serl9) 
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Mnkl (Thr 197/202) 


52 


CellSig 


rabbit 


1:1000 
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Upstate 


mouse 
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-100 
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rabbit 
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MSK1 (Ser376) 


90 
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rabbit 


1:1000 


MSK1 (Thr581) 


90 


NEB 


rabbit 


1:1000 


c-myc (Thr58/Ser62) 


66 
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rabbit 


1:1000 


MYPT1 (Thr850) 


70 


Upstate 


sheep 


1:100 


Neu (Tyrl248) 
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NF-kB p65 (Ser536) 


65 


CellSig 


rabbit 


1:1000 


NF-L (Ser55) 




Santa C 






Nibrin (Ser343) 
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rabbit 


1:500 


NIK (Thr559) 




Santa C 






nNOS (Serl416) 


170 


Upstate 


rabbit 


1:2000 


NOS3 (Serl 177) 




Santa C 






Notch 1, cleaved 


110- 
115 


CellSig 


rabbit 


1:1000 


NR1 (Ser896) 


120 


Upstate 


rabbit 


1:500 


NR1 (Ser897) 


120 


Upstate 


rabbit 


1:500 


Op 18 (Serl 6) 




Santa C 






p21 (Serl46) 




Santa C 






p27 (SerlO) 




Santa C 






p38 (Thrl80/Tyrl82) 


38 


Biosource 


rabbit 


1:1000 


p38 MAPK (Thrl80/Tyrl82) 


42 


CellSig 


mouse 


1:2000 


p38 (Thrl80yTyrl82) 


38 


NEB 


rabbit 


1:1000 


p53 (Ser6) 


53 


NEB 


rabbit 


1:1000 


p53 (Ser9) 


53 


CellSig 


rabbit 


1:1000 


p53 (Serl 5) 


53 


CellSig 


rabbit 


1:1000 


p53 (Ser20) 


53 


NEB 


rabbit 


1:1000 


p53 (Ser37) 


53 


CellSig 


rabbit 


1:1000 


p53 (Ser392) 


53 


Biosource 


rabbit 


1:600 


p53 (Ser392) 


53 


NEB 


rabbit 


1:1000 


p53 (Thr55) 




Santa C 






p70 S6 (Ser41) 
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p70 S6 (Thr389) 


70 


NEB 


rabbit 


1:1000 


p70 S6 (Thr412) 


70 


Upstate 


rabbit 


1:1000 
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p70 S6 (Thr421/Ser424) 
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PAK1 (Thr423)/PAK2 (Thr402) 
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CellSig 
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1:1000 
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Paxillin (Tyrl81) 
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rabbit 
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1000 


PDGF Receptor p (Tyr7 16) 
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Upstate 


rabbit 
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PDGF Receptor p (Tyr751) 
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PDGF Receptor p (Tyr85 7) 
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PDGF Receptor p (Tyrl009) 
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PDGF Receptor P(Tyrl021) 
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PDK1 Docking Motif (Ser/Thr) 


many 


CellSig 


rabbit 


1:2000 


PDK1 (Ser241) 


63 
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1:1000 


PERK (Thr980) 


170 
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rabbit 


1:1000 


Phospholamban (Serl6) 
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Upstate 


rabbit 


1:800 


PhospholipaseC g-1 (Tyr783) 


135 
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1:1000 
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PKC alpha (Ser657) 
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rabbit 


1:1000 


PKC delta (Ser643) 


76 
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rabbit 


1:1000 


PKC delta (Thr505) 


80-90 
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rabbit 


1:1000 


PKC epsilon (Ser719) 


90 


Upstate 


rabbit 


1:500 


PKC epsilon (Ser729) 




Santa C 






PKC theta (Thr538) 


79 


NEB 
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1:1000 


PKC zeta/lambda (Thr410/403) 


76 


CellSig 


rabbit 


1:1000 


PKD/PKCu (Ser744/748) 


115 
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rabbit 


1:1000 


PKD/PKCu (Ser916) 
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rabbit 


1:1000 
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PKR (Thr446) 


74 


CellSig 


rabbit 


1 
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PKR (Thr446/45I) 
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1000 


cPLA 2 (Ser505) 


110 
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1000 


PLCP3 (Ser537) 


150 
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rabbit 
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PLCyl (Tyr783) 




Santa C 






PP2A (Tyr307) 




Upstate 


mouse 




PRC1 (Thr481) 
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PRK1 (Thr778)/PRK2(Thr816) 
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40 
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rabbit 


1:1000 


PRK2 (Thr816) 


60 


Upstate 
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1:400 


PTEN (Ser380) 


54 
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1:1000 


PTEN (Ser380AThr382/383) 


54 
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rabbit 


1:1000 


PTEN (A2Bl)C-terminus 


54 
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mouse 


1:100 


PTEN (N-19) N-terminus 


54 
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goat 


1:100 


Pyk2 (Tyr402) 
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1:1000 


Pyk2 (Tyr579) 
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1:500 


Pyk2 (Tyr580) 


116 


Biosource 


rabbit 


1:130 


Pyk2 (Tyr579/580) 


116 


Biosource 


rabbit 


1:500 


Pyk2 (Tyr881) 


116 


Biosource 


rabbit 


1:600 


Racl/cdc42 (Ser71) 


28 


CellSig 


rabbit 


1:1000 


Raf(c-) (Ser259) 




NEB 


rabbit 


1:1000 


Rafi» (Ser621) 




Biosource 


rabbit 


1:300 


Ran» (Tyr340/341) 
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1:500 


Raf-1 (Ser338) 
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no 
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rabbit 


1 
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Rb (Ser249/Thr252) 
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Biosource 
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1 


1000 


Rb (Ser780) 
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1 
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Rb(Ser807/811) 


110 


Biosource 


rabbit 
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Rb (Thr356) 
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1 
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Biosource 


rabbit 




1000 


Rb (Thr826) 
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Ribosomal Protein S6 (Ser235) 
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Upstate 


sheep 
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90 


Upstate 
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1:1000 
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Upstate 
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Rsk3 (Thr353/356) 


90 
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1:1000 


SAPK7JNK (Thrl83/Tyrl85) 
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Upstate 
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Smadl (Ser463/465) 
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1:1000 


Smad2 (Ser465/467) 
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1:500 


Smad2/3 (Ser433/435) 
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Src (Tyrl39) 
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Src (Tyr215) 
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Src(Tyr416) 
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Src(Tyr418) 
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Biosource 
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1:1000 


Src (Tyr527) 
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STAT1 (Ser727) 
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1:1000 
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Upstate 
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1:1000 


STAT1 (Tyr701) 
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1:2000 


STAT1 (Tyr701) 
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Upstate 
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1:1000 


STAT2 (Tyr689) 


113 


Upstate 
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1:1000 


STAT3 (Ser727) 
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Biosource 
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1:1000 
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1:1000 



AAR/aar 4239-67983 03/10/04 



EXPRESS MAIL LABEL NO. EV331580816US 
DATE OF DEPOSIT: March 10, 2004 



-44- 



STAT3 (Tyr705) 


89 


Sigma 
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1:1000 


STATS A/B (Ser726/73 1 ) 


97 


Upstate 


rabbit 


1:1000 


STAT5A/B (Tyr694/699) 


95 


Sigma 
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1:1000 


STAT5A/B (Tyr694/699) 


92 


sigma 


mouse 


1:1000 


STAT5A/B (Tyr694/699) 


92 


Upstate 


rabbit 


1:1000 


STAT5A/B (Tyr694/699) 


92 


Upstate 


mouse 
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STAT6(Tyr641) 


>105 
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Synapsin 1 (Ser553) 
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Syndecan-4 (Serl79) 
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TALI (Serl22) 
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TrkA (Tyr496) (E-6) 




Santa C 


mouse 




TrkA (Tyr496) 
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TrkA (Tyr674/675) 


about 
130 


NEB 


rabbit 
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TrkA (Tyr680/681) 
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Tyk2(Tyrl054/1055) 


140 


CellSig 


rabbit 


1:1000 


VEGF Receptor- 1 (Ab-1) 


180 


Oncogen 


rabbit 




VEGF Receptor-1 (Ab-2) 


180 


Oncogen 


rabbit 




VEGF Receptor-2 (Ab-1) (Yl 169) 


180 


Oncogen 


rabbit 




VEGF Receptor-2 (Tyr95 1) 


180 


CellSig 
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1:1000 


VEGF Receptor-2 (Tyr996) 
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VEGF Receptor-2/3 (Ab-1) 
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Vimentin (Ser72) 
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Zap-70 (Tyr292) 
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Zap-70(Tyr319) 
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Zap-70 (Tyr493) 


70 
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rabbit 


1:1000 



Table 1 -Validated phospospecific antibodies for use in the disc 



osed methods. 



Since cellular signaling processes are dominated by the context of the cell type 
and the tissue microenviroenment, microdissection such as LCM of the heterogeneous 
5 tissue sample is therefore helpful for obtaining especially relevant information on the in 
vivo state of signaling pathways (Laser Capture Microdissection; see, for example, 
Emmert-Buck et al., "Laser capture microdissection," Science, 274:998-1001, 1996 and 
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U.S. Patent Nos. 6,251,516 and 6,251,467, and U.S. Patent Application No. 09/913,667 
which are all incorporated herein by reference). LCM is a technique whereby pure 
populations or subpopulations of desired cell types may be isolated that enables direct 
comparisons of the protein content and protein characteristics of proteins isolated from 
5 tumor and normal cells, even from the same tissue sample. In one example of the LCM 
process, a transparent polymeric transfer film is applied to the surface of the tissue 
section. Under a microscope, the operator views the thin tissue section through the 
glass slide on which it is mounted and chooses microscopic clusters of cells to study. 
When the cells of choice are in the center of the field of view, the operator pushes a 

10 button that activates a near IR laser diode integrated with the microscope optics. The 
pulsed laser beam activates a precise spot on the transfer film immediately above the 
cells of interest. At this precise location the film melts and fuses with the underlying 
cells of choice. When the film is removed, the chosen cell(s) are tightly held within the 
focally expanded polymer, while the rest of the tissue is left behind. The exact 

1 5 morphology of the procured cells is retained and held on the transfer film, ensuring 

preservation of the cells' intracellular components such as DNA, RNA, and proteins for 
future analysis. The removed transfer film and cells are transferred onto a plastic cap 
(referred to as an LCM cap) for subsequent analysis. Alternatively, the transfer film 
over particular cells may be ablated to expose the desired cells underneath, which are 

20 then treated to extract their constituent proteins, while the proteins of other cells which 
remain covered are not extracted. 

The LCM process makes it possible to obtain only cells exhibiting the desired 
morphology for study. In addition, identifying cells under microscopic view using 
immunohistochemical methods, for example, fluorescent antibodies and fluorescence 

25 microscopy, makes it is possible to isolate cells based on other characteristics, such as 
the presence of marker proteins on the surface that are characteristic of particular types 
of cells, such as tumor cells. 
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In order to reduce protein degradation by phosphatases and proteinases, the 
tissue may be snap-frozen, for example, in liquid nitrogen, immediately after 
procurement. Protein extraction buffers with ionic and non-ionic detergents, may be 
used to effectively solubilize the cells, while preserving phosphorylated proteins. 
5 Moreover, Laser Capture Microdissection can employ proteinase and phosphatase 
inhibitors directly in the fixation and staining baths (Simone et al., "Sensitive 
immunoassay of tissue cell proteins procured by laser capture microdissection," Am J 
Patho, 156: 445-452, 2000, incorporated herein by reference). 

Protein microarrays may be printed using the same technology used for DNA 

10 microarrays, but the protein array layout is vastly different than a typical DNA array. 
Both printing technologies transfer sample fluid from a microtiter plate onto a 
substratum, usually a coated glass slide. The substratum requirements for protein arrays 
are 1) high binding capacity 2) mimimum effect on the protein structure and 3) low 
background. Nitrocellulose coated glass slides are a common substratum for protein 

15 arrays (FAST slides, Schleicher & Schuell Biosciences, Keene, NH). Proteins bind to 
nitrocellulose via electrostatic interactions in an irreversible manner. The nitrocellulose 
polymer coating of FAST slides permits protein binding capacities of 75 -150 ug/cm 2 in 
a volume of 0.3 - 2nL/spot. Chromogenic, fluorometric and luminescent detection 
methods may be used with FAST slides with an adequate signal/noise ratio. 

20 Protein arrays may also be printed in sector formats. A sector array consists of multiple 
small pads of substratum on a slide. A reservoir placed around each sector permits a 
different antibody to be used for probing the samples. The sector format miniaturizes 
the array, providing an increased signal/noise ratio. 

Microarrays may be printed in a variety of configurations using several different 

25 types of printing methods (see, for example, Schena, "Microarray biochip technology,", 
Eaton Pub., Natick, MA, 2000, incorporated herein by reference). Printing technology 
currently exists in two forms: contact and non-contact devices. Contact printing is 
accomplished by direct contact between the print head and the substratum. Non-contact 
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printing dispenses a minute volume of sample above the substratum. Examples of 
contact printing formats are solid pin, quill, and pin and ring assemblies. Non-contact 
printing technology utilizes piezoelectric or syringe solenoid devices. 

Sample volume, viscosity, number of arrays required and substratum are 
5 parameters to be considered prior to selecting a printing system. Pinhead spacing 

determines the configuration for the microtiter plate that holds the sample. Pin spacing 
of 9.0 mm may be used with 96-well or 384-well plate formats. Pin spacing of 4.5mm 
is compatible with 384-well plates. Reproducibility of printing is affected by variations 
in the slide surface properties, mechanical differences between the pins and pin 

10 cleanliness. The pins are subject to corrosion due to the cell lysis extraction buffers. 
Periodic cleaning of the pins ensures reproducible printing. The printing assembly 
should accommodate the choice of substratum surface, usually coated 25 x 75 mm glass 
slides. Repeatability, accuracy and resolution of the print assembly determine the final 
quality of the array printing. The array density is determined by the spot spacing, which 

15 is a function of the pin size. Spots are preferably printed at a minimum distance of 1 .5 
times the pinhead diameter. For example, a 500 |im pin will utilize printing spots no 
closer than 750 um. This spacing allows adequate space between each spot for analysis 
and avoids sample carryover from spot-to-spot. 

A variety of protein array labels and amplification chemistries are available (see, 

20 for example, King et al, 1 Pathol, 183: 237-241, 1997; Kukar et al., "Protein 

microarrays to detect protein-protein interactions using red and green fluorescent 
proteins," ,4/2a/ Biochem, 306: 50-54, 2002; Morozov et al., "Direct detection of 
isotopically labeled metabolites bound to a protein microarray using a charge-coupled 
device," J Biochem Biophys Methods 51: 57-67, 2002; Schweitzer et al., "Multiplexed 

25 protein profiling on microarrays by rolling-circle amplification," Nat Biotechnol, 20: 
359-365, 2002; and Wiese, "Analysis of several fluorescent detector molecules for 
protein microarray use," Luminescence 18: 25-30, 2003). These include fluorescent, 
radioactive, luminescent, and colorimetric read-outs. Amplification can be achieved by 
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enzymatic cleavage of colorimetric, luminescent and fluorescent substrates. Several 
amplification systems employ coupling of nucleic acids to proteins, and thereby take 
advantage of the PCR method. Amplification may be helpful to achieve the sensitivity 
adequate for routine analysis of relatively low abundance proteins. 
5 The baseline sensitivity of detection dictates the minimum number of cells that 

can be profiled on the array. Using a dilution curve of a known concentration of 
reference antigen, the first step is to determine the intra- and inter- slide coefficients of 
variance. Baseline sensitivity is defined as a signal 2 standard deviations above 
background. Using the same amplification or labeling chemistries, the baseline 

10 sensitivity is different for each antibody choice. This is because each antibody has a 
different affinity and background binding, and its cognate antigen falls within a 
different dynamic range. 

Each patient or treatment sample may be arrayed on the RPA in a miniature 
dilution curve such that each analyte query will always be within the linear dynamic 

15 range of the assay (FIG. 3). Moreover, as the dilution curve contains a fixed amount of 
lysate at each dilution point, the curve also serves as a reproducibility assay (ie. a five 
point dilution curve that includes a series of 1 :2 dilutions also serves as a quintiplicate 
run of the same sample on the array). Optimally, each point in the dilution curve is 
applied at random, but known points on the array, to eliminate bias caused by 

20 substratum heterogeneity. Dilution sets of pooled lysates, and recombinant antigens or 
phospho-peptides may be printed on the same arrays to achieve parallel calibration and 
quality control. Such internal reference standards serve to normalize signal intensities, 
provide intra array performance, and allow for comparison across experiments and 
conditions (FIG. 4). As shown in FIG. 4, triplicate samples are printed in dilution 

25 curves representing undiluted, 1 :2, 1:4, 1:8 and 1:16 dilutions. The sixth spot represents 
a negative control, consisting of extraction buffer without sample. Each set of triplicate 
spots represents a patient sample before or after treatment, or microdissected normal, 
premalignant or stromal tissue cells. A reference lysate or control lysate is printed on 
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each array for monitroing assay performance. A recombinant antigen is printed on each 
array for comparative quantitation of patient samples. Altering spot size, and/or spot 
spacing may vary array capacity. 

A variety of bioanalytical methods have been successfully used for protein 
5 microarrays (see, for example, Brazma et al., "Minimum information about a 

microarray experiment (MIAME)-toward standards for microarray data," Nat Genet 29: 
365-371, 2001; Carlisle et al., "Development of a prostate cDNA microarray and 
statistical gene expression analysis package," Mol Carcinog, 28:12-22, 2000; Cutler, 
"Protein arrays: The current state-of-the-art," Proteomics 3: 3-18, 2003; Miller et al, 

10 "Antibody microarray profiling of human prostate cancer sera: Antibody screening and 
identification of potential biomarkers," Proteomics 3:56-63, 2003; and Sreekumar et al., 
"Profiling of cancer cells using protein microarrays: discovery of novel radiation- 
regulated proteins," Cancer Res 61:7585-7593, 2001). A specific bioanalytical protocol 
including pattern recognition that was developed using public software is outlined in 

1 5 FIG. 5. The example illustrated in this figures displays a cluster analysis of 

microdissected human breast cancer and normal breast epithelium (vertical axis) 
compared across the phosphorylation states of a series of proteins within the EGF- 
receptor family signal pathway (horizontal axis lower right). The data collection and 
analysis steps depicted are described below. 

20 With reference to FIG. 5, multiple RPAs, each analyzing a different 

phosphorylated protein, are scanned, spot intensities calculated, normalized, and the 
dilution curve collapsed to a single intensity value. This value is then assigned a 
relative colorized intensity value referenced to the other patient samples on the array. 
The data output is in the form suitable for traditional unsupervised and supervised 

25 learning (pattern recognition) systems. In this way, protein array data is displayed as 
traditional "heat maps" and can, for example, employ powerful Baysean clustering 
analysis for signal pathway profiling. 

In the embodiment of FIG. 5, images are analyzed with P-SCAN (reference) 
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yielding a raw intensity for each spot on each array. MATLAB scripts are then used to 
combine the intensity data for each array with annotations. The data are then imported 
into the JMP statistical package for further analysis and visualization. Since each 
sample appears in a dilution curve on the array, a binding score for each sample is 
determined with the following formula (assuming a three point dilution curve): 

Binding Score = (Pl-P3)/((P2+P3)/2+b), 

where Pn is the spot intensity for the n-th point in the dilution. 

The binding score attempts to reconstruct the specific binding (total minus non- 
specific), and express the result relative to the nonspecific binding in that assay. The 
bias term b, set to 50 in this example, increases the statistical reliability of the score by 
preventing very small denominator values. Other values for b of course may be used. 

Empirically, the Binding Score usually demonstrates stability across different 
arrays, and is largely resistant to variations in overall slide staining intensity. However, 
a remaining trend in the scores across each slide, possibly arising from the small 
regional variance of the staining and washing procedure, may still yet exist. To correct 
for regional variability, local average scores for left-, middle- and right-portions of each 
array can be compared. 

Corrected Score = Binding Score - Local Average Score 

Correction for regional variance can be achieved by randomization of the 
sample placement on the array. "Empty" positions on the array may be purposely 
employed and can serve as a measure of the background precision attained with each 
antibody-stained array. With some antibodies, the spread of corrected score values for 
the "empty" spots may overlap that of the real negative samples. To effectively 
combine scores from different antibodies, the standard deviation of the empty spots can 
be used to standardize the Corrected Score as follows. 
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Standardized Score = Corrected Score - Average (Corrected Score) / (std dev("empty"scores)) 

The results from each antibody-labeled array in standardized-score units 
5 can then be combined into a single data matrix. The maximum Standard Score 
for each array can be interpreted as a signal-to-noise ratio. Two-way hierarchical 
clustering of samples (rows) and antibodies (columns) may then performed using 
Ward's method on the data matrix, and colored according to the standardized-score. 
Fisher's discriminant analysis can then be used to compare different phenotypes or 
1 0 treatment conditions . 
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Example 3 

Experimental Model for Individualized Combinatorial Therapy of EGFr Pathway 

Derangements 

The method for treating deranged signaling pathways based on targeting two or 
5 more different nodes (signaling proteins or events) in an aberrant signaling pathway was 
demonstrated in cell culture experiments. The epidermal growth factor receptor (EGFr) 
signaling pathway, which is a well-characterized pathway where interdependence is 
already known, was investigated. In cancer cells, the EGFr pathway is dominant and 
over-expressed in various types of cancers, and thus, has become a standard for 

10 evaluation of cancer therapy. Using reverse phase protein microarrays, the time course 
of protein phosphorylation events along the EGFr signaling pathway, following 
administration of EGF to EGFr positive colorectal carcinoma cells, was followed. The 
effects of multiple specific kinase inhibitors; each acting at individual interdependent 
steps in the EGF signal transduction process were compared. Specifically, the MEK-1 

1 5 tyrosine kinase inhibitor, PD98059 [2-(2'-amino-3 '-methoxyphenyl)-oxanaphthalen-4- 
one;see, for example, Reiners et al, Mol. Pharmacol, 53: 438-45, 1998), and the EGFr 
tyrosine kinase inhibitor, AG 1478 [4-(3-chloroanilino)-6,7-dimethoxyquinazoline; see, 
for example, Liu and Liang, Acta. PHamacol Sin., 23: 556-561, 2002], were applied to 
the cells, and the activity state of nodes along the EGF pathway, such as pEGFr, pERK, 

20 pMEK, pCREB, pAKT, pSTAT-3, and p38 was followed. 

In these experiments, colon cancer cells, ATCC CCL-250, which over-express 
EGFr 25 - 75 % of the time, were cultured. Once the cells had grown to approximately 
80 % confluency in 24 well plates, the media or drug solution was replaced with serum- 
free media. Impact of drug compounds on the pathway was evaluated by treating the 

25 cells with a drug compound or a combination of drug compounds for 30 minutes. 

Following treatment, approximately 5 * 10 5 cells were stimulated (before the cells have 
remained on the serum-free media for over 24 hours) with l A mL of EGF at 0.1 (ig/mL 
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concentration diluted in serum-free media. After each different elapsed time, the EGF 
solution was removed, and 100 |aL of boiling lysis buffer (50% TPER, 48% SDS, & 2% 
P-mercapto-ethanol) was added. Cells were then scraped from the bottom surface of the 
wells using a pipet tip and placed into mini-centrifuge tubes. The lysates were then 
5 vortexed, boiled for 5 minutes, and centrifuged for 20 minutes at 14,000 rpm. The 
lysates were arrayed using the reverse phase microarray techniques described in 
Paweletz et al. (Paweletz et al., "Reverse phase protein microarrays which capture 
disease progression show activation of pro-survival pathways at the cancer invasion 
front," Oncogene 20: 1981-1989, 2001, incorporated by reference herein). In contrast 

10 to forward-phase protein arrays that immobilize the probe, the reverse phase protein 
array immobilizes the whole repertoire of patient proteins (e.g. by a nitrocellulose 
substrate) that represent the state of individual tissue cell populations. Probes are then 
applied to the immobilized proteins. Staining the arrays with antibodies to the 
phosphorylated signaling protein, which are denoted as the activated state of the node, 

1 5 and antibodies that bind to both the phosphorylated and unphosphory lated signaling 
protein, denoting the total concentration of the protein, for individual nodes in the 
pathway, reveals the impact of the stimulation and drug compounds on the activity state 
of various nodes along the pathway. 

The results for the activity state of the various nodes along the EGFr signaling 

20 pathway are shown in FIG. 6A, where the activity state is expressed as the relative 
amounts of the phophorylated signaling proteins (phophorylated/total). A diagram 
showing the EGFr signal pathway and the signaling events targeted by the drug 
compounds is shown in FIG. 6B. Here, the EGFr signal pathway activation inhibition 
experiments reveal that a combination of inhibitors has a greater effect than any 

25 inhibitor administered alone evaluated at any node along the pathway. Also, these 

experiments display how the tyrosine kinase inhibitor has different impacts on different 
nodes depending on their location within the pathway. The impact of the MEK tyrosine 
kinase inhibitor PD98059 is expressed through diminishing the activation of the next 
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node along the pathway, ERK. Through the relative expression of CREB, we see how 
using the MEK inhibitor alone causes shunting through this node (a result that also 
demonstrates that therapies directed to diseases such as Alzheimer's which are 
characterized by diminished activity at particular nodes, rather than hyperactivity, may 
5 be selected according to the disclosed methods). This shunting via the CREB node is 
not seen with either the EGFr inhibitor AG 1478 or a combination of the MEK and 
EGFr inhibitors. The relative expression of the AKT node exemplifies the impact on a 
branch of the pathway that is not directly inhibited by the drug compounds, yet is 
interconnected. As a control, the impact of various treatments on a node (STAT), not 
1 0 associated with the EGF signaling pathway, was investigated and revealed that the 
treatments had no influence on the non-associated, and non-interconnected node (data 
not shown). 

FIG. 7 is a western blot demonstrating (validating) the specificity of two of the 
antibodies used to stain the reverse phase arrays and generate the graph of FIG. 6 A. 
1 5 The phospho-antibodies bind to the phosphorylated, or activated, form of the protein. 
The other antibody binds to and is used to determine the total amount of the protein in 
the sample. Using the values from these two antibodies, the relative activation of that 
proteins may be calculated as the ratio of phosphorylated protein to total protein. 
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Example 4 - Identification of a Synergistic Therapeutic Combination by Protein 
Array Screening and Screening using the Cellular response of Interconnected 

Pathways in a Protein Network 

This example demonstrates synergistic effects of targeting interconnected 
5 pathways with a common cellular response, on that cellular response. Proteomic 
microarray analysis of biopsied human breast cancer samples were conducted. The 
samples were from subjects that were untreated, and from patients before and after 
experimental therapy with Herceptin, which inhibits the EGF class of pathways (FIG. 
8). In these studies, enhanced activity of the AKT / COX-2 arm of the EGFr signal 

10 transduction pathway was observed. In particular, downregulation of pPKC-ot and an 
upregulation of p AKT were observed (array data not shown). Using this information, a 
combination of a COX-2 Inhibitor and carboxyamidotriazole (Cal), a non-voltage gated 
channel calcium inhibitor, was selected as a candidate synergistic combination to target 
two of the pathways that converge in a network of signaling pathways that leads to 

1 5 tumor invasion (see FIG. 8). Additional potential targets along the pathways that 
converge at the cellular response of tumor invasion, and agents that can be used to 
target them also are shown in FIG. 8. 

The selected combination was assessed in a 10 day colony growth bioassay 
applied to EGF stimulated ATCC CCL-250 cancer cells. These cells are established to 

20 have augmented EGF receptors. The selected combination inhibited cell proliferation 
by 88%, using doses of the compounds that individually had no significanti- growth 
inhibition when used as single agent treatment (FIG. 9). This experiment demonstrates 
that multiple interdependent targets in a protein signaling network may be identified 
using protein-array data, and used to select a combination of drugs that can be applied 

25 to synergistically alter a cellular response under the control of the interconnected 

pathways. Perhaps most surprisingly, aberrations observed in a signaling pathway in 
one type of cell permitted selection of a combination of drugs that inhibited the same 
pathway in another type of cell. 
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Example 5 

Supra-additive Antiproliferative Effects and Cell Signaling Changes in Human 
Cancer Cell Lines Treated With Carboxyamidotriazole and a Cyclooxygenase-II 
5 Inhibitor 

This example further demonstrates the effect of targeting components of 
interconnected signaling pathways that form a complex signal transduction network 
controlling a cellular response. Aberrant epidermal growth factor receptor (EGFR) 
signaling has been implicated in the progression of many human tumors. Ligand 

10 binding of EGFR leads to the activation of multiple signaling pathways that regulate 
processes that are important for a variety of cellular responses including tumor growth 
such as cell proliferation, survival, angiogenesis, invasion and metastasis. These 
pathways are exquisitely interrelated and can be targeted with the disclosed method; in 
addition, evidence suggests that crosstalk between EGFR pathways and other receptor 

1 5 pathways offer additional targets for the disclosed methods. For these reasons, targeting 
multiple nodes in the extensive network of EGFR signaling pathways is a rational 
approach to cancer treatment. 

In particular, interconnected EGFr and nonvoltage-gated Ca 2+ channel pathways 
were targeted with a combination of carboxyamidotriazole (CAI) and the 

20 cyclooxygenase-II inhibitor LM-1685 (see, Palomer et al., J. Med. Chem., 45: 1402- 
1411, 2002). The two agents, which disrupt growth-promoting signaling pathways at 
separate targets (nodes), were used, and synergistic effects were observed for 
combinations of the agents. Specifically, CAI targets NVGCCs and LM-1685 
specifically targets the COX-II enzyme (as do phenylsulfonyl tricyclics such as 

25 Celecoxib and Rofecoxib). Antiproliferative effects and cell signaling changes induced 
by treatment with a combination of carboxyamidotriazole (CAI), a calcium influx 
inhibitor, and LM-1685, a cyclooxygenase-2 inhibitor, was assessed in an EGFR 
overexpressing cell line, CCL-250. Treatment with the combination produced supra- 
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additive growth inhibition as compared with treatment with either agent alone. In 
addition, the CAI/LM-1685 combination induced cell signaling changes reflected by 
suppression of survival proteins and activation of apoptosis. These results suggest that 
CAI and LM-1685 create a combined blockade of the signaling network created by the 
5 functional interactions of EGFR, COX-2 and calcium, and demonstrate the use of 
multiple agents targeting different nodes to disrupt interrelated pathways in aberrant 
signaling networks. 

Activation of the EGFR-related pathways was accomplished using 100 ng/ml 
recombinant EGF. Time course experiments indicate that receptor phosphorylation can 

10 be induced by PGE2 as well as the EGFR ligands, EGF and TGF-alpha. In addition, 
COX-2 protein expression is induced by treatment with PGE2. Together, these data 
support the existence of a forward feedback loop between EGFR, Cox-2 and PGE2. 

Cancer cell lines (CCL-250, SK-OV-3, HeLa, HT-1080, PANC-1 and 
NCI-H23) were obtained from American Type Cell Collection (Manassas, VA) and 

15 grown according to the enclosed instructions. Early passage murine embryonal 

fibroblasts (MEFs) (p3-6) were prepared from either LSL-K-ras GI2D or p53 -/ ~ , LSL-K- 
ras G12D embryos, and ere recombinase was added in- vitro to generate L-K-ras G12D MEFs 
as previously described (Tuveson et al.). MEFs were grown in 10% FCS/DMEM/25mM 
Hepes. 

20 The following antibodies yielded a single band on western blots and were 

affinity purified, rabbit polyclonal: (EGFR, MEK1/2, phospho-MEKl/2, ERK1/2, 
phospho-ERKl/2 (Thr202/Tyr204), AKT (Cell Signaling, Beverly, MA)); COX-2 and 
Cyclin Dl (Upstate Biotechnology, Lake Placid, NY); phospho-AKT (Ser472/473/474) 
(BD Biosciences, San Jose, CA); and actin (Zymed, San Francisco, CA)). CAI was 

25 obtained from the NCI Chemotherapeutics Repository. COX-2 inhibitor and 

prostaglandin E2 were purchased from Calbiochem (San Diego, CA). Epidermal 
growth factor and 2X Tris-Glycine SDS Sample Buffer were purchased from 
Invitrogen (Carlsbad, CA). Tissue Protein Extraction Reagent was purchased from 
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Pierce Biotechnology (Rockford, IL). The neutralizing anti-TGF-q, P-mercaptoethanol, 
and protease inhibitor cocktail were purchased from Sigma (St. Louis, MO). 

For the time course assays, colon cancer cells were plated in 24-well plates 
(Ixl0e5 cells/well), grown to 80% confluency, and serum-starved for 24 hours. To 
5 assess EGFR activation, cells were treated with 100 ng/ml EGF, 10 \iM PGE2, or 25 
ng/ml TGF-a. Unstimulated cells were used as a control for basal activity. To assess 
TGF- inhibition, cells were pretreated with 100 ng/ml neutralizing TGF-a antibody for 
1 hour before stimulation. To assess later cellular events, cells were grown in media 
containing 1% FBS with inhibitors added (5 |xM CAI, 25 \M LM-1685, or 10 \iM 

1 0 PD98059 with 5 jxM CAI, 25 ^M cox-2 ) or vehicle alone. To harvest cells at each 
timepoint, a number of cells were removed from wells by gentle scraping and 
suspended in 100 |aL of heated SDS sample buffer (50% Tissue Protein Extraction 
Reagent, 48% 2X Tris-Glycine SDS Sample Buffer and 2% p-Mercaptoethanol) 
containing 10 |aL of protease inhibitor cocktail per ml of lysate. Cells were immediately 

1 5 transferred to a chilled tube. 

The reverse-phase protein array were as previously described (Paweletz et al). 
Briefly, cell ly sates were subjected to one freeze / thaw cycle followed by vigorous 
vortexing to ensure complete liberation of proteins from the cytosol and the cell 
membrane. Immediately prior to spotting onto nitrocellulose slides, the samples were 

20 boiled for 5 minutes to ensure complete denaturation. Samples were spun at high speed 
in a microcentrifuge to remove any remaining cellular debris. Nanoliter amounts of the 
samples were arrayed onto nitrocellulose coated slides (Schleicher and Schuell 
Bioscience Inc., Keene, NH). Each sample was spotted nine times to form a "square" 
pattern consisting of three dilutions, left to right (neat, 1 :2, 1 :4), and three replicates of 

25 each dilution, top to bottom. Sample buffer alone was spotted as a negative control. 

Slides were prepared for signal development by incubating for 10 minutes in a 
10% solution of Mild Re-Blot Plus (Chemicon Intl, Temecula, CA) to expose antigenic 
sites embedded in the nitrocellulose. This was followed by two 5- minute washes in 
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PBS and incubation in a casein-based blocking solution (Applied Biosystems, Foster 
City, CA) for at least 1 hour. Signal was developed using an automated staining system 
based on avidin/biotin and peroxidase methodologies (DakoCytomation, Carpinteria, 
CA). Staining is completed by a 5-minute incubation with 3,3'diaminobenzidine 
5 tetrahydrochloride (DAB) which results in a brown-colored precipitate at the antigen 
site. After signal development, slides were scanned on an Epson flatbed scanner at 
1200 dpi. Scanned images (saved as an inverted grayscale TIFF file in Adobe 
Photoshop version 5.5) were analyzed with ImageQuant version 5.2 software 
(Molecular Dynamics, Amersham, UK). The spot intensity after background correction 

10 was proportional to the concentration of the target protein. Protein loading was 

normalized for phospho- and nonphospho-proteins with the total self-protein and p- 
actin, respectively (phospho-X / total X or X / actin). 

For cell survival assays, six-welled plates were plated with 3x1 0e5 colon cancer 
cells per well. Cells were grown in appropriate media supplemented with 1% FBS. 

1 5 Inhibitors were added to the media at the IC50 concentration, singly and in combination. 
(Each experimental condition was performed in triplicate). Media and inhibitors were 
replenished daily. At day 1 1 the cells were washed twice with PBS and stained with 
crystal violet stain (0.5% crystal violet in 20% methanol). Dye was eluted from each 
well using a solution of 50% sodium citrate (pH 4.2) and 50% absolute ethanol. Light 

20 absorbance of dye solutions was read at 540 nmona spectrophotometer. The average 
O.D. for each condition was proportional to the net cell survival. 

BrdU labeling and detection assays were purchased from Roche Applied 
Biosciences (Indianapolis, IN) and performed according to the manufacturer's 
instructions. 

25 Cell cycle progression and apoptotis was determined by flow cytometric 

analysis. Cells were harvested by trypsinization, washed with PBS, and fixed with cold 
ethanol (70% v/v). Immediately prior to analysis, the cells were centrifuged at high 
speed (4000 r.p.m.) and resuspended in PBS. Cell suspensions were incubated with 
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RNAse (25 ^g/10e6 cells) for 30 minutes at 37°C. After addition of 0.05% propidium 
iodide (PI), cells were analyzed for cell cycle distribution and DNA content by the 
Beckton FACStar flow cytometer. Quantitative analysis of apoptotic cells was 
performed by analyzing FACStar data with ModFit software. 
5 Lysates that were analyzed by Western blot were evaluated for protein 

concentration with the BCA Protein Assay Kit (Pierce, Rockford, IL). Details of 
Western analyses are well known. Briefly, equal amounts of proteins were fractionated 
on 4-20% SDS-PAGE gels and transferred to PVDF membranes. After sequential 
incubations with primary antibodies and peroxidase-conjugated goat anti-rabbit 

10 antibodies (Tropix, Bedford, MA), signal was developed using an enhanced 

chemiluminescent staining system (Tropix, Bedford, MA). Protein loading was 
normalized for phospho- and nonphospho-proteins with the total self-protein and 0- 
actin, respectively. 

Statistical analysis of the data was performed using the Student's t-test to 

15 determine the statistical difference between various experimental and control groups. A 
p-value of O.01 was considered significant. 

The ability of EGF to activate EGFR and downstream proteins in CCL-250 cells 
was assessed. Reverse phase protein microarrays of time course assay lysates of EGF- 
stimulated CCL-250 cells were prepared and hybridized with antibodies to components 

20 of the EGFR activated, mitogenic ERK 1/2 pathway. FIG. 10 illustrates the sequence, 
duration, and intensity of the signal generated by the activated pathway components. 
Cells are treated with 100 ng/ml EGF and assessed for phosphoproteins in the EGFR 
pathway. Activation is expressed as the relative intensity of stimulated cells compared 
with unstimulated cells on reverse phase protein microarray. The values shown 

25 represent the average of three separate experiments. EGFR activation 

(phosphorylation) generated a signal which reached maximum intensity within 5 
minutes and quickly returned to near-basal levels. This was followed sequentially by 
broader, less intense peaks generated by phosphoMEKl/2 and phosphoERKl/2. 
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The ability of PGE2 to activate EGFR was determined, and the mechanism 
through which this occurs was demonstrated. Colon cancer cells pretreated with or 
without TGF-a inhibitor were stimulated with EGF or PGE2 and harvested at 5 
minutes. After antibody validation by western blot (FIG. 1 1 A), treated cell lysates were 
5 assayed for EGFR and phospho-EGFR protein by reverse phase protein array (FIG. 

11B). The graph of FIG. 1 1C represents ratio of signal for EGFR:EGFR[pY1068]. The 
results show: 1) the ability of PGE2 to activate EGFR, and 2) the requirement of TGF-a 
. for the activation of EGFR by PGE2. Values represent the mean +- SEM,/?<0.01 
(treated cells compared with control). 

1 0 The effects of EGF and PGE2 on the expression of COX-2 protein also were 

assessed. After serum starvation, colon cancer cells grown in the presence of EGF or 
PGE2 were harvested every 24 hours over a 72 hour period and analyzed for COX-2 
protein expression. Stimulation of cells with EGF or PGE2 induced increased 
expression of COX-2 protein as compared with a control as assessed by reverse phase 

1 5 protein array and Western blot (data not shown). Protein loading was controlled for by 
expressing COX-2 protein relative to p-actin. 

That a COX-2 inhibitor and carboxyamidotriazole (CAI) supra-additively inhibit 
growth of cultured cancer cells was demonstrated by crystal violet dye uptake cell 
survival assays. The assays were performed to assess the effect of COX-2 inhibitor and 

20 CAI alone, or in combination, on cultured cancer cells. Six of 6 cancer cell lines tested 
demonstrated profoundly decreased cell survival when treated with the COX-2 inhibitor 
/ CAI combination as compared with cells treated with either drug alone. Cells treated 
with DMSO served as a vehicle control. On day 10, cells were stained with 0.5% 
crystal violet and dye was eluted with sodium citrate solution. Eluted dye was 

25 measured on a spectrophotometer at 540 nm. Fig 12 shows net cell survival as 
measured by optical density of eluates. The CAI/LM-1685 combination shows a 
profound negative effect on cell survival. Cell survival assays of CCL-250 cells that 
included treatment with the MEK inhibitor PD98059 showed that the effect of the 
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CAI/LM-1685 combinations was partially attenuated by the addition of the MEK 
inhibitor (data not shown). 

CAI and LM-1685 cooperate to inhibit proliferation and DNA synthesis in ras- 
transformed cells. Embryonal fibroblasts (MEFs) harboring an endogenous K-ras G12D 
5 allele (K-ras GI2D , 53~ A , or both) were treated with varying concentrations of CAI, LM- 
1685, or both, and assessed for growth after 96 hours by trypan blue dye exclusion. 
Murine embryonal fibroblasts (MEFs) harboring an endogenous K-ras G12D allele (K- 
ras G12D , 53 _/ \ or both) were plated at an initial density of 6000 cells per well in 24 well 
plates. Drugs were added 12 hours later, and live cells were counted in triplicates 96 

10 hours afterwards. Cell growth was plotted as the percentage of live treated cells in the 
total number of untreated cells (mean ± s.e). Cells containing the K-ras G12D allele were 
2-3 times more sensitive to the CAI/LM-1685 combination than wild-type MEFs (p53- 
/-), suggesting the combination targets ras-mediated signal transduction pathways (FIG. 
13 A). To assess DNA synthesis, transformed MEFs were treated with specified doses 

1 5 of CAI and LM-1685 (Control untreated cells designated as CTRL) for 48hrs, and 
assayed for DNA incorporation of BrdU. As shown in FIG. 13B, CAI and LM-1685 
cooperate to inhibit DNA synthesis. p53 _/ " MEFs harboring a silent or activated K- 
ras G12D mutation were treated with specified doses of CAI and LM-1685 (Control 
untreated cells designated as CTRL) for 48hrs, and assayed for DNA incorporation of 

20 BrdU. Results are mean O.D. (± s.e.) of triplicate wells. Background O.D. (no BrdU 
added) is denoted by the horizontal line. 

The CAI / LM-1685 combination also causes sustained activation of ERK1/2. 
A test of the ability of the CAI / LM-1685 inhibitor combination to suppress the 
mitogenic ERK1/2 pathway unexpectedly showed that the combination induced 

25 sustained activation of ERK1/2. Activation by EGF versus the CAI / LM-1685 

combination was compared on reverse phase protein array. FIG. 14A shows activation 
of ERK1/2 over 72 hours in colon cancer cells grown in the presence of the CAI/LM- 
1685 combination relative to the control. Activation is expressed as the relative 
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intensity of phosphorylated ERK in treated cells compared with untreated control cells 
after signal development, and values represent the mean +- SEM for 3 separate 
experiments. FIG. 14B shows activation of ERK1/2 in the presence of CAI, LM-1685, 
PD98059 or combinations of inhibitors. CCL-250 cells were treated with inhibitors and 
5 harvested every 3 days. Phosphorylated ERK was measured by reverse phase protein 
microarray, and values represent the mean +- SEM for 3 experiments, and p<0.0\ 
(treated cells compared with control). FIG. 14B shows that the addition of the MEK 
inhibitor, PD98059, to the CAI/LM-1685 combination partially attenuates ERK 
activation. 

10 Cell cycle status of CAI/LM-1685 treated cells was also examined. Induction of 

apoptosis and growth arrest in treated cells were assessed by reverse phase protein array 
and flow cytometry. CCL-250 cells were treated for 3 days with inhibitor alone, the 
CAI/LM1685 combination, or the combination with PD98059 (MEK1 inhibitor). 
Fluorescence histograms (FIG. 15) of synchronous cells [control (a), CAI (b), LM-1685 

15 (c), PD98059 (d), CAI+LM- 168 5(e), and CAI+LM- 1685+PD98059] and stained with 
propidium iodide showed a marked increase in apoptotic cells treated with the CAI/LM- 
1685 combination; whereas addition of a MEK inhibitor led to a slightly lower number 
of apoptotic cells. These results are representative of 3 experiments. The results of 
reverse phase protein array analysis of the cells are shown in FIG. 16. Assessment by 

20 reverse phase protein array showed significant induction of caspase 3 and PARP 
cleavage, which are hallmarks of apoptosis (FIG. 16 A). Suppression of survival 
proteins in CAI / LM-1685 treated cells also was evident (FIG. 16B). PhosphoAKT and 
Cyclin Dl also were assessed with a reverse phase protein array. Cells were treated for 
72 hours with CAI, LM-1685, PD98059, or a combination of the inhibitors. 

25 In summary, the combination of a selective cox-2 inhibitor, LM-1685 and 

carboxyamidotriazole (CAI) has supra-additive antiproliferative effects and induces cell 
signaling changes resulting in growth arrest and induction of apoptosis in CCL-250 
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cells. These agents impact the EGFR pathways in multiple ways indicative of highly 
interconnected complex signal transduction networks. For example, the results show 
that TGF-a can activate EGFR in CCL-250 cells directly, or indirectly by TGF-a- 
dependent PGE2. Because cyclooxygenase-2 (COX-2) mediates the conversion of 
5 arachidonic acid to PGE2, our finding that PGE2 stimulates COX-2 expression as well 
as activates EGFR suggests the existence of a forward feedback loop between EGFR 
and COX-2. The disruption of this feedback loop by a selective COX-2 inhibitor (LM- 
1685) is one explanation for the effect of LM- 1685 on the EGFR pathways. Overall, 
the observations indicate a connection between calcium pathways, Cox-2, and EGFR. 

10 By inhibiting the function of Cox-2 as well as the influx of calcium via non- voltage 
gated calcium channels (NVGCCs), multiple pathways influencing cancer progression 
can be blocked, and feedback loops can be disrupted. Transfected ras oncogenes have 
been shown to induce mitogenic and oncogenic properties in some cells. This altered 
behavior is likely due to changes in ras-mediated signal transduction pathways resulting 

1 5 in activation of downstream signaling proteins, including EGFR and the downstream 
ERKs. The result that ras-transformed cells show greater sensitivity to the CAI/LM- 
1685 combination than their corresponding wild-type cells suggests that these agents 
selectively target ras-mediated oncogenic signaling. Surprisingly, our experiments 
showed that the CAI/LM-1685 combination , rather than inhibiting the mitogenic MEK- 

20 ERK pathway, resulted in sustained activation of ERK. Addition of a MEK inhibitor 
reduced ERK activation. The prolonged activation of the MEK-ERK pathway appears 
to regulate apoptotic, rather than mitogenic events. Since CAI prevents the extracellular 
influx of calcium through NVGCCs and COX-2 inhibitors are thought to prevent 
release of calcium from the endoplasmic reticulum stores, together, these compounds 

25 could effect a total depletion of cytoplasmic calcium. Furthermore, since cytoplasmic 
phosphatases (PP2A, PTPase) help maintain a low basal activity of ERK but are 
inhibited by calcium depletion, an inactivation of phosphatases provides a possible 
mechanism for sustained activation of ERK in CCL-250 cells. Activation of Caspase 3 
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and suppression of Cyclin Dl in these ceils suggests that sustained ERK activation 
leads to cell cycle arrest and apoptosis. The data presented in this example 
demonstrates that use of multiple agents directed against key nodes within these 
pathways may be used for the treatment of cancer, and in particular that a combination 
5 of a nonvoltage-gated calcium influx inhibitor and a selective cyclooxygenase-2 

inhibitor has a potent antitumor effect by modulating downstream cytoplasmic signaling 
events in a cooperative and synergistic manner. 

Example 6 

10 Mapping Molecular Networks: Kinase Substrate Protein Microarray Analysis of 

Human Breast Cancer 

Kinase substrate phosphorylation portraits derived from microdissected human 
breast cancer and normal epithelium revealed new pathway interconnections such as 
linkage of estrogen receptor activation (EGR pathway) with the c-kit pathway. 

1 5 Elevated phosphorylated PKCa was a discriminator for normal epithelium and 

significantly (p < 0.01) correlated inversely with lymph node metastasis. Since these 
pathways are interconnected, combinations of agents that target specific nodes along 
these pathways may be used to correct signaling defects in human breast cancer. 

A study set of human breast cancer and histologically normal epithelium was 

20 used for this analysis to determine functionality and feasibility of using the disclosed 
methods of signaling network profiling with clinical material, and using the profiles to 
select combinations of therapeutic agents that target multiple interdependent nodes 
within aberrant signaling pathways and networks. Two types of controls were 
analyzed: a) normal appearing mammary ducts adjacent to the cancer, and b) normal 

25 appearing mammary ductal epithelium microdissected from unaffected women 
undergoing reduction mammoplasty. 
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Frozen breast tumor tissues were collected at the Lombardi Cancer Center at the 
Georgetown University and Massachusetts General Hospital Cancer Center and 
Harvard Medical School. Reduction mammoplasty specimens were obtained from 
Northwestern University Hospital. The study set consisted of 45 primary human breast 
5 cancer cases, (6 of which had patient-matched normal and 1 which had both normal and 
premalignant cells available), and 9 healthy controls taken from patients undergoing 
breast reduction surgery. All neo-adjuvant treatment specimens were obtained from the 
UCSF Breast Cancer Center. The tissues were anonymized, and the histopathology of 
each case was confirmed by a pathologist before use in these studies. To ensure that 

10 surgical intervention and ischemia-induced signaling changes were minimized, tissue 
processing was performed such that tissue was frozen within 15 minutes after surgery. 
This time point compares favorably to a recent report where at a 1 hour post-surgery 
time point less than 0.6% of the 9000 genes analyzed showed any statistically 
significant ischemia induced changes. 

15 8.0 jam frozen tissue sections were placed on uncoated glass slides and stored at 

-80°C prior to use. Immediately before laser capture dissection, the sections were 
thawed and fixed in 70% ethanol for 5 sec, lightly stained with hematoxylin for 8 sec 
and dehydrated in 70, 95 and 100% ethanol for 1.5 min each followed by xylene for 2 
min and then air-dried. The 70% ethanol and hematoxylin staining solutions were 

20 supplemented with Complete™ Mini protease inhibitor tablets (Roche Applied Science, 
Indianapolis, IN). Ovarian tumor epithelial cells or other relevant cell populations were 
microdissected with a PixCell II Laser Capture Microdissection system (Arcturus 
Engineering, Mountain View, CA). Approximately 5,000 LCM shots (20,000-25,000 
cells) were microdissected for each case and stored on microdissection caps at -80°C 

25 until solubilized. Additionally, multiple separate microdissections were performed on a 
subset of the patient samples to determine the variance in the levels of phosphorylated 
and total proteins measured in this analysis within a given patient sample. Endogenous 
protein phosphatase activity was reduced by incorporation of freshly prepared sodium 
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ortho vanadate (1 mM) and sodium molybdate (1 mM) into the staining baths for tissue 
processing. To ensure that surgical intervention and ischemia-induced signaling 
changes were minimized, tissue processing was performed such that tissue was frozen 
within 15 minutes after surgery. 
5 Microdissected cells were lysed directly from the microdissection caps into 50 

\iL of lysis buffer containing a 1:1 mixture of 2x Tris-Glycine SDS Sample buffer 
(Invitrogen, Carlsbad, CA) and Tissue Protein Extraction Reagent (Pierce, Rockford, 
IL) plus 2.5% 2-mercaptoethanol (Sigma, St. Louis, MO) for 30 min at 75°C. The 
samples were boiled for 8 min, centrifuged briefly and stored at 4°C. Immediately prior 

10 to arraying, ly sates were loaded into a 384-well plate and serially diluted with lysis 
buffer into a 4-point curve (neat, 1 :3, 1 :9, buffer alone). The arrays were constructed 
using a protocol detailed in Liotta et al. (Liotta et al., Protein microarrays: meeting 
analytical challenges for clinical applications," Cancer Cell, 3: 317-25, 2003, 
incorporated by reference herein) from a lysate of 25,000 cells (approximately 5000 

15 discreet laser shots) in a total final volume of 50 \iL. Approximately 60 nL of each 
sample was spotted onto nitrocellulose-coated glass slides (Schleicher and Schuell 
Bioscience, Keene, NH) with a GMS 417 microarrayer (Affymetrix, Santa Clara, CA). 
Slides were stored dessicated at -20°C. For estimation of total protein amounts, an 
aliquot of each lysate was run on Western blot and stained with anti beta actin antibody 

20 (Sigma, St Louis, MO). One day prior to antibody staining, the lysate arrays were 

treated with mild Reblot™ antibody stripping solution (Chemicon, Temecula, CA) for 
15 min at room temperature, washed 2 x 5min in PBS, and then incubated overnight in 
blocking solution (lg I-block (Tropix, Bedford, MA), 0.1% Tween-20 in 500 mL PBS) 
at 4°C with constant rocking. 

25 To perform Western blotting, alO aliquot of the 50 lysate from each 

sample was denatured at 100° C for five minutes and electrophoresed on 4-20% tris- 
glycine polyacrylamide gel electrophoresis (PAGE) (Novex, San Diego, CA) at a 
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constant potential of 200 volts for 60 minutes. Standard Western blotting onto 
Immobilon-P (Millipore, Bedford, MA) PVDF membranes was performed at 15 volts 
held constant for 90 minutes. The resulting membranes were probed with the phospho- 
specific and total protein antibodies used in the microarray staining, as well as for actin. 
5 The probed signal was detected by chemiluminescence using Kodak Biomax MR film 
and the film scanned on a UMAX Powerlook III scanner utilizing Magicscan software 
(Dallas Texas). The actin band was quantitated using Image Quant software v5.2 
(Molecular Dynamics, Sunnyvale, CA), and all lysates volumes were then subsequently 
adjusted to ensure that each sample contained the same approximate total protein 
10 concentration. 

A separate array was constructed and consisted of LCM generated lysates from 
17 primary breast cancer specimens taken from a neoadjuvant trial of serial imaging to 
track response to chemotherapy consisting of 3 months of an anthracycline based 
regimen or 3 months each of an anthracycline plus taxane. These tumors represent a 
1 5 subset of study patients who had residual tumor after chemotherapy and gave consent 
for tumor banking. For these 17 patients, intermediate outcome measures such as 
residual tumor and lymph node status as well as short term disease free survival were 
known. 

Blocked arrays were stained with antibodies on an automated slide stainer 
20 (Dakocytomation, Carpinteria, CA) using the Catalyzed Signal Amplification System 
kit according to the manufacturer's recommendation (CSA; Dako Cytomation). Briefly, 
endogenous biotin was blocked for 10 min using the biotin blocking kit (Dako 
Cytomation), followed by application of protein block for 5 min; primary antibodies 
were diluted in antibody diluent and incubated on slides for 30 min and biotinylated 
25 secondary antibodies were incubated for 15 min. Signal amplification involved 

incubation with a streptavidin-biotin-peroxidase complex provided in the CSA kit for 
15 min, and amplification reagent, (biotinyl-tyramide/hydrogen peroxide, streptavidin- 
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peroxidase) for 15 min each. Development was completed using 
diaminobenzadine/hydrogen peroxide as the chromogen/substrate. Slides were allowed 
to air dry following development. 

Primary and secondary antibodies, dilutions used, and their sources were: 

a. rabbit anti-AKT 1 :500 (Cell Signaling Technology, Beverly, MA) 

b. rabbit anti-phosphoAKT (S473) 1 :500 (Cell Signaling Technology) 

c. rabbit anti-ERKl/2 1 :200 (Cell Signaling Technology) 

d. rabbit anti-phosphoERKl/2 (T202/Y204) 1 :1000 (Cell Signaling 
Technology) 

e. rabbit anti-phospho GSK3B (S9) 1 :200 (Cell Signaling Technology) 

f. rabbit anti-phospho CREB (S 1 33) 1 :200 (Cell Signaling Technology) 

g. rabbit anti-CREB 1 : 1 00 (Cell Signaling Technology) 

h. rabbit anti-phosphop38 (Thrl 80/Tyr 1 82) 1 :200 (Cell Signaling 
Technology) 

i. rabbit anti-p3 8 1 : 1 00 (Cell Signaling Technology) 

j . rabbit anti-phosphoIKBic .(S32). 1 :200 (Cell Signaling Technology) 
k. rabbit anti-IKBic Cell Signaling Technology) 
1. rabbit anti-phopho c-Abl (Tyr 735) 1 :200, (Upstate, Waltham, MA) 
m. rabbit anti-cAbl 1:200, (Cell Signaling Technology) 
n. rabbit anti-phospho c-erbB2 (Try 1248) 1 :500, (Cell Signaling 
Technology) 

o. rabbit anti- c-erbB2 1 :200, (Cell Signaling Technology) 

p. rabbit anti-phopho STAT1 (Tyr 701) 1 :200, (Upstate) 

q. rabbit anti-STATl 1:200, (Cell Signaling Technology) 

r. rabbit anti-phopho PKCa .(S 657) 1 :200, (Upstate) 

s. rabbit anti- PKCq 1 :200, (Cell Signaling Technology) 

t. rabbit anti-phosphoER (SI 18) 1:200, (Cell Signaling Technology) 

u. rabbit anti-ER 1 :200, (Cell Signaling Technology) 
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v. rabbit anti-phospho FKHRL/FKHR 1 :200, (Cell Signaling Technology) 
w. rabbit anti-phosphoRAS-GRFl (S916), 1:200 (Cell Signaling 
Technology) 

x. rabbit anti-RAS-GRF 1 ? 1:200 (Cell Signaling Technology) 
5 y. mouse anti-actin 1 :500 (Sigma, Woodlands, TX) 

z. biotinlyated goat anti-rabbit IgG (H+L) 1 :5000, (Vector Laboratories, 

Burlingame, CA) 
aa. biotinylated rabbit anti-mouse IgG 1:10 (DakoCytomation). 
Antibody stained slides were scanned individually on a UMAX PowerLook III 
10 scanner at 600 dpi and saved as TIF files in Adobe Photoshop 6.0 (Adobe, San Jose, 
CA). The TIF images for antibody-stained slides and Sypro Ruby-stained slide images 
were analyzed with ImageQuant v5.2 (Molecular Dynamics) and Microsoft Excel 2000 
software. The dilution curves were plotted to ensure analysis within the linear dynamic 
range. Scanned images were analyzed by P-SCAN, MATLAB and JMP, and clustering 
1 5 analysis also was performed according to the methods outlined in detail in Liotta et al., 
Protein microarrays: meeting analytical challenges for clinical applications," Cancer 
Cell 3: 317-25, 2003. 

A human colon cancer cell line (CCL250) with over-expressed c-erbBl receptor 
levels was treated at various time points with and without 100 ng/ml recombinant EGF 
20 (Invitrogen, Carlsbad, CA). Prior to EGF stimulation cells were pretreated for 1 hour, 
with or without 10 uM of the MEK inhibitor PD98059 (Cell Signaling, Beverly, MA). 
Separate aliquots at a series of EGF post treatment time intervals were taken and cell 
lysates were prepared for kinase substrate array analysis. 

Laser Capture Microdissection (LCM) was used to procure an enriched starting 
25 population of tumor cells, which is advantageous as every cell type may contain 

differences in their proteomic repetriore. Kinase substrate and signal pathway analysis, 
was performed with mulitple reverse phase protein arrays containing immobilized cell 
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lysates. Protein phosphorylation was detected using a set of antibodies that were 
validated for specificity and sensitivity using a subset of the LCM breast tissue using 
antibodies which a) recognize the protein only when it is phosphorylated on a specific 
tyrosine and/or threonine residue substrate, effectively providing a readout for a specific 
5 upstream kinase activity, and b) which recognize the protein regardless of 

phosphorylation state. The phosphorylation pattern attained from different discreet 
LCM cell populations in the same tissue specimen was reproducible. Variance was 
determined by measuring the relative intensity of each analyte endpoint within multiple 
independent LCM samples procured from the same tissue sample. A pooled lysate 

10 consisting of about 25,000 epithelial cells procured from different regions of the tissue 
specimen gave reproducible phosphorylation outcomes with coefficient of variance of 
less than 10% (data not shown). 

Phosphorylation of the kinase substrates AKT, c-ErbB2, and ERK, which are 
components of the EGF signaling pathway known to be important in breast cancer, were 

15 analyzed by microarray analysis (FIG. 17). PI3 kinase dependent phosphorylation of 
specific residues of the AKT protein kinase has been shown to correlate with enzymatic 
activity of this critical pro-survival pathway mediator. Phosphorylation of ERK kinase 
by MEK 1 has been shown to correlate with enzymatic activity of this critical pro- 
growth pathway mediator. Both of these pathways, which also cross-talk substantially, 

20 can be controlled directly through the EGF receptor family activation and can be 

hyperactivated when c-erbB2 is overexpressed and heterodimerizes with other members 
of the EGF receptor family (e.g. c-erbBl). Only a small subset of breast cancer 
specimens in this study set had both high levels of phosphorylated c-erbB2 and total c- 
erbB2 receptor protein (FIG. 17). Over-expression of the c-erbB2 receptor correlated 

25 with its phosphorylation in most but not all of the patients, with 2 patient specimens 
containing high levels of the unactivated receptor (FIG. 17). Those patients with over- 
expressed but non-phosphorylated c-erbB2 also did not have high levels of 
phosphorylated AKT and ERK, indicating that receptor driven signaling was not 
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apparent in those 2 samples. While those three individuals with over-expressed and 
phosphorylated c-erbB2 receptor also had concomitant phosphorylated AKT and ERK 
phosphorylation events, there were many subjects with high levels of phosphorylated 
AKT and/or ERK but without over-expressed c-erbB2 (FIG. 17). This type of event 
5 could occur if the signaling pathway was affected by aberrant kinase/phosphatase 
activity, which occurs downstream from the receptor such as through PI3 Kinase 
activation. Also shown in FIG. 17 is a separate array analyzed at the same time that was 
incubated with the secondary antibody alone as a background control (bottom) 

To determine if this technolgy can capture the time-course of linked kinase 

1 0 network events, a series of known connected phosphorylation substrates were analyzed: 
epidermal growth factor receptor (c-erbBl), MEK, and ERK kinases using a colon 
cancer cell line (CCL250) with over-expressed c-erbBl receptor levels. Upon receptor- 
ligand binding, the EGF receptor becomes rapidly phosphorylated and downstream 
substrates (eg. MEK and ERK) of the cascade associate and become phosphorylated. 

1 5 When these events are analyzed by reverse phase array, both ERK and MEK 

phosphorylation show a coordinately linked kinetic profile which is expected since 
ERK is a direct substrate of MEK kinase (FIG. 18 A). When the cells were pretreated 
with a specific MEK kinase inhibitor, as expected, only ERK phosphorylation was 
effected, thus showing the utility of analyzing the phosphorylation of the kinase 

20 substrate itself as a surrogate for the upstream kinase activity (FIG. 1 8B). 

Phosphorylation of kinase substrates is a transient event, as phosphatases promptly 
dephosphorylate the substrate as the cascade continues. Thus, at any point in time if 
two substrates are phosphorylated concurrently it is likely that they are linked together 
to some extent in an active pathway, such as seen with MEK and ERK kinase. 

25 The ability of the protein array to portray network interconnection in human 

tissue specimens, where signaling events would be captured in a discreet snapshot in 
time, was demonstrated. Network analysis of expected kinase substrate cascades was 
performed on a set of patients with high and low levels of AKT phosphorylation. 
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Glycogen synthase kinase 3 (GSK3) and the Forkhead protein family (FKHRL/FKRH), 
which are all well known AKT kinase substrates involved in glucose mobilization and 
energy metabolism as well as transcriptional regulation of pro-survival pathways. 
Concordance was observed between phosphorylation of AKT and the downstream 
5 kinase substrates GSK3 and FKHRL/FKHR , but not with other substrates such as ER 
and STAT1 (FIG. 19). Thus, it appears that closely linked events will show tight 
correlation of phosphorylation (activation) while those phosphorylation events that are 
not coordinated are likely not to be directly linked in a network. These considerations 
can then be used to select combinations of therapeutic agents targeting coordinated 

1 0 (interconnected) signaling aberrations. 

Since kinase interconnections can be detected by kinase substrate protein 
microarray analysis, an expanded suite of phosphorylation events were determined by 
microorarray analysis and then subjected to pattern recognition with the goal of 
uncovering new network interconnections and targets that may be selected for 

15 treatment. FIG. 20 show the clustering results obtained using unsupervised Bayesian 
clustering methodology for each of 54 patients (45 cancer, 9 normal) as a heat map 
where relative protein levels are measured and shaded representing higher (light shade) 
or lower (dark shade) relative expression. For the phospho-specific endpoints, a higher 
level is a reflection of an overall greater kinase activity on that substrate. 

20 The analysis reveals a striking degree of heterogeneous signaling (FIG. 20) 

amongst the individuals. Each subject's sample reflected a unique constellation of 
kinase driven signaling events. This observation concurs with recent gene microarray 
analysis and indicates that while some other cancers such as chronic myelogenous 
leukemia and stromal tumors are underpinned by a common pathway defect (e.g. c-kit 

25 family signaling activation), sporadic human breast cancer and other epithelial tumors 
are controlled by a multiplex of protein circuitry derangements. As shown in FIG. 20 
and in Table below, a subset of tumor portraits grouped into classes dominated by 
phosphorylation heterogeneity. Generally, the "normal" epithelial signaling portraits 
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are grouped together in large families that are distinct from the tumor fingerprint 
subsets (FIG. 20). 



Phenotype 


iable 13 

Kinase Substrate Correlates 


Tumor Class 1 


fER-ABL Activity/ J PKCa-STAT1 Activity 


Tumor Class 2 


Broad Heterogeneous Activity/ JPKCa-STATI Activity 


Tumor Class 3 


Broad Activity/ fc-erbB2-AKT/ jPKCa-STATI Activity 


Tumor Class 4 


Quiescent/ |PKCa-STAT1 Activity 


Normal 


fpKCa-STAT1 Activity 



However, within the context of the underlying tumor heterogeneity, the 
clustering reveals larger subsets of tumors that have common pathway activation, some 
which are expected and some unexpected. For example, the 10 patients at the top of the 

10 map are dominated by estrogen receptor (ER) overexpression and phosphorylation 

(tumor group 1). Both growth factor receptor endpoints (ER and c-erbB2) analyzed in 
this study showed tight concordance between the overall expression of the receptor and 
its phosphorylation. While the total and phosphorylated levels of estrogen receptor and 
c-erbB2 receptor were tightly linked, the remainder of the kinase substrates showed no 

1 5 correlation between the phosphorylated and the non-phosphorylated form of the 

proteins. Thus analysis of the total protein, or its transcript, is not sufficient to predict 
its phosphorylated state. 
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Principal component analysis (FIG. 21 A) of the data reinforced the observation 
that a significant number of tumor and histologically normal epithelium can be 
distinguished from each other using the STAT1 and PKCa kinase substrates [(43/45 
cancers (95% CI= 85-95%) and 15/16 histologically normal epithelium (95%CI=70- 
5 100%)]. Futhermore, PKCa phosphorylation, normalized to the total levels of PKCa 
were found to be dramatically decreased, or below the limits of detection in 7/8 patients 
(95%O=47%-100%) with greater than 4 positive lymph nodes compared to a relatively 
elevated level in 8/9 patients (95%CI=52%-100%) with fewer than 4 positive nodes 
(FIG. 2 IB). 

10 Linkage between known kinase substrate endpoints within well studied 

signaling pathways seems to hold true in this study set when an unsupervised clustering 
approach is used. These types of linkages provide increased confidence when 
unexpected pathway cross talk is discovered. An example is the classic Ras-ERK 
pathway, which is tightly linked as a sibling in the dendogram of FIG. 20, which was 

15 built without prior knowledge. Additionally, another tightly linked sibling combination 
identified by the clustering is the coordinate phosphorylation between p38, CREB and 
IkB, transcription factors, or transcription factor inhibitors (IkB). 

The clustering analysis also reveals unexpected kinase substrate linkages. While 
the majority of patients with phosphorylated and over-expressed ER have expectedly 

20 low c-erbB2 levels, the tightest linkage between ER phosphorylation was c-abl 

phosphorylation (Figure 20) indicating a potentially new cross-talk between the ER 
pathway through a classic pro-survival pathway. This correlation serves as a rational 
basis for new combinatorial therapeutic options such as combinations of aromatase 
inhibitors for ER signal damping with c-kit pathway inhibitors such as imatinib 

25 mesylate (Gleevec). 

Women with a breast cancer overexpressing c-erbB2 are elegible for treatment 
with the humanized mouse antibody (Trastuzumab, Herceptin™). However, only a 
fraction of these women end up responding to the treatment. It is now believed that the 
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responders are the small percentage of breast cancer patients with carcinomas bearing a 
phosphorylated, active form of c-erbB2. As shown in FIG. 20, the 5 of the 45 patients 
with the highest levels of c-erb2 expression and phosphorylation are grouped together 
(tumor group 3), but only 3 of these patients have highly phosphorylated and thus 
5 activated c-erbB2. Moreover, AKT phosphorylation levels are strongly correlated 
proportionately with activated c-erbB2 levels in those 5 patients, which may provide 
clues about and a method for monitoring resistance. 

While the protein signaling pathway profiling of human breast cancer reveals a 
high degree of patient specific heterogeneity, transcendent portraits emerge that can 
1 0 discriminate tumor circuitry from "normal" pathway usage. It is important to note that 
what constitutes a "normal 5 ' pathway state is in many instances patient specific (Figure 
20). 

Since the pattern recognition results are built from asynchronous cells, a 
determination of dominant pathways that could distinguish carcinoma from 

1 5 histologically normal appearing epithelial cells regardless of tumor proximity was 
made. Unexpectedly, clustering analysis revealed that phosphorylation of PKCot was 
tightly associated with phosphorylation of STAT1, and that this is the one dominant 
feature that seemed to segregate normal from tumor (FIG. 20). Principal component 
analysis (FIG. 21 A) of the data reinforce that a significant number of tumor and 

20 histologically normal epithelium can be distinguished from each other using the STAT1 
and PKCq kinase substrates. This observation may have clinical significance, since 
PKCa signaling has been described as being important in down-modulating prosurvival 
pathways, possibly through direct inhibition of AKT phosphorylation. Therefore, loss 
of PKCa activation in the normal cell population may be a critical early event in 

25 elimination of an important feedback mechanism on control of cellular apoptosis. 
STAT1 phosphorylation in breast cancer has been recently shown to correlate with 
outcome, with those patients who had the highest levels correlating with the longest 
period of disease free survival. This observation is not unexpected since STAT1 
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signaling is known to be a critical regulator of antiproliferative and pro-apoptosis 
events. Therefore it appears important to analyze phosphorylation events that decrease 
as well as increase during carcinogenesis to identify potential combinations of 
therapeutic agents that can be used to treat early stage cancers, since activation of 
5 specific phosphatases during cancer progression and metastasis may be just as critical as 
kinase activation. Therefore, therapeutic agents that inhibit phosphatases are also 
useful. 

Based on the finding that high PKCa phosphorylation levels correlated 
significantly with the normal phenotype, it was determined whether or not PKCa 

10 . phosphorylation in primary tumor specimens correlates with critical clinical outcome 
measures. This analysis employed a study set of 17 breast cancer specimens obtained 
from patients in the neoadjuvant setting. Patients in this dataset had persistent tumor 
after receiving 3 months of A/C therapy alone or A/C therapy followed by Taxol. 
Persistent nodal involvement is known to be a very significant prognostic factor for 

1 5 outcome in the neoadjuvant setting. In fact, histologically positive lymph nodes after 
surgery are associated with a worse prognosis than pathologically positive nodes found 
at the time of primary surgical resection (prior to adjuvant therapy) and patients with 4 
or more positive nodes after therapy have much poorer disease free survival. Tumor in 
lymph nodes at the time of initial assessment may reflect the likelihood of 

20 micrometastatic disease and the risk of distant recurrence, whereas lymph node 

involvement after chemotherapy may indicate both risk of distant disease and relative 
resistance to the chemotherapeutic regimen used. 

The correlation revealed in Figure 21 B suggests that the measurements of PKCa 
activity and the correspondingly regulated pro-survival pathways may be important new 

25 measures of clinical response to chemotherapy. The absence of PKCa activity after the 
initiation of chemotherapy could identify a subset of patients who are resistant to 
chemotherapy. 
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In summary, while patient heterogeniety at the cell signaling level in the study 
sets of human breast cancer was evident, the patients could still be placed into groups 
based on dominant well known and unexpected signal pathway networks. Thus, a given 
class of therapy may be effective for only a subset of patients who harbor tumors with 
5 susceptible and specific protein network defects and provides strong justification for the 
strategy to select a treatment using combinations of therapeutic agents that best match 
the individual tumor's aberrant signaling profile. Currently, cancer therapy has been 
directed at a single molecular target. 

10 Example 7 

Cell Protein Signaling Pathways and Networks, Signaling Protein Targets and 

Therapeutic Agents 

The disclosed methods may be applied to the analysis and treatment of any 
protein signaling pathway or network. Signal pathways and networks that respond to 

1 5 extracellular and intracellular signals are important for control of a wide variety of 
cellular level responses including, for example, apoptosis, growth, cytoskeletal 
remodeling, survival, receptor localization and distribution, gene transcription, protein 
synthesis, motility, angiogenesis and differentiation. Databases of signaling networks 
are well known so that they even have well-developed nomenclature (see, for example, 

20 Igarashi and Kaminuma, Pac Symp Biocomput., 1997; 187-97; incorporated by reference 
herein) and are, for example, commercially available from Ingenuity, Mountain Park, 
CA (The Ingenuity Pathways Knowledge Base, a curated database of biological 
networks created from millions of individually modeled relationships between proteins, 
genes, complexes, cells, tissues, drugs, and diseases). Furthermore, modeling software 

25 that can be used to detect and delineate cell signaling pathways also is available from 
Ingenuity (Ingenuity Pathways Analysis, a web-delivered application that can be used to 
explore, understand, and discover therapeutically relevant networks). Diagrams of the 
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integrin signaling pathway, the Mapk signaling pathway and the Akt signaling pathway 
are shown in FIGS. 22, 23, and 24, respectively. Diagrams of additional pathways may 
be found on the Cell Signaling Technology website (Cell Signaling Technology, 
Beverly, MA). For example, this website provides diagrams of Mapk signaling 
5 pathways, an apoptosis/caspase signaling pathways, the Akt signaling pathway, 
translational control pathways, PKC/phospholipase signaling pathways, cell cycle 
pathways, cytokine signaling pathways, cytoskeletal signaling pathways, lymphocyte 
signaling pathways, and nuclear receptor and Wnt signaling pathways, among others. 

In disease states such as cancer, these signal pathways are often deranged and 
10 may become aberrantly interconnected so that signals that would normally stimulate 
one cellular response may abnormally stimulate multiple cellular responses, or signals 
may become inappropriately amplified within individual pathways, again leading to 
abnormal cellular responses. Restoration of normal signaling patterns using the 
disclosed therapeutic methods may be monitored on the molecular level, or may be 
1 5 monitored by observing the cellular responses under the control of the signaling 
pathways. 

The signal pathways that control cellular responses comprise series of 
interconnected proteins and other molecules that interact and/or react with one another 
to propagate and amplify stimuli. Stimuli are passed along signaling pathways through 

20 interconnections between pathway members. The interconnections occur in a wide 
variety of ways, for example, through protein-protein interactions (such as homo- or 
hetero-dimerization and oligomerization), protein phosphorylation (such as mediated by 
serine-threonine kinases and tyrosine kinases, and phosphatases), and other post- 
translational modifications such as farnesylation, myristylation, ubiquitinization and 

25 acetylation. Interconnections may also occur by protein cleavage, translocation of 
pathway members within cellular organelles and compartments, receptor 
dimerization,and ion channel activation. Still other interconnections may occur through 
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soluble mediators (such as cyclic AMP and calcium ions), receptor-ligand interactions, 
protein-nucleic acid interactions (such as by transcriptions factors), protein-lipid 
interactions (for example, lipid rafts can translocate signal pathway proteins), and 
protein-carbohydrate interactions. 

5 Apoptosis, or programmed cell death, is a regulated physiological process 

leading to cell death characterized by cell shrinkage, membrane blebbing and DNA 
fragmentation. Apoptosis is induced by a family of receptors known collectively as 
"death receptors" including Fas, TNFR, DR3, DR4 and DR5. Pro-apoptotic stimuli 
include the FasL, TNF, DNA damage and ER stress. Caspases, a family of cysteine 

10 proteases, are central regulators of apoptosis. Initiator caspases (including 8, 9, 10 and 
12) are closely coupled to pro-apototic signals. For example, the receptors, Fas and the 
TNFR activate caspases 8 and 10, DNA damage leads to the activation of caspase 9; 
and ER stress leads to the calcium-mediated activation of caspase 12. Death receptor 
ligands characteristically initiate signaling via receptor oligomerization, recruitment of 

1 5 specialized adaptor proteins and activation of caspase cascades. Once activated, the 
intiator caspases cleave and activate downstream effector caspases (including 3, 6 and 
7) which in turn cleave cytoskeletal and nuclear proteins and induce apoptosis. 
Cytochrome C, released from mitochondria, is coupled to the activation of caspase 9, a 
key initiator caspase. Anti-apoptotic ligands including growth factors and cytokines 

20 activate AKT and p90RSK, which inhibit Bad and prevent cytochrome C release. 
TNFR can also stimulate an anti-apoptotic pathway by inducing IAP, which directly 
inhibits caspases 3, 7 and 9. For example, FasL binding induces Fas trimerization and 
recruits initiator caspase 8 via the adapter protein FADD. Caspase 8 then oligomerizes 
and is activated via autocatalysis. Activated caspase 8 stimulates apoptosis via two 

25 parallel cascades: it directly cleaves and activates caspase-3, and it cleaves Bid (a Bcl-2 
family protein). Truncated Bid (tBid) translocates to mitochondria, inducing 
cytochrome c release, which sequentially activates caspases 9 and 3. TNF and DR-3L 
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can deliver pro- or anti-apoptotic signals. TNFR and DR3 promote apoptosis via the 
adaptor proteins TRADD/FADD and the activation of caspase 8. Alternatively, 
apoptosis is inhibited via an adaptor protein complex including RIP which activates NF- 
eB and induces survival genes including IAP. 

5 Survival includes active inhibition of apoptosis, which is accomplished either by 

inhibiting caspases or by preventing their activation. The PI3K pathway, activated by 
many survival factors, leads to the activation of Akt, an important node in survival 
signaling. Activated Akt inhibits the proapoptotic Bcl-2 family member Bad, directly 
inhibits caspase-9, and inhibits additional apoptotic pathways linked to FKHR and 

10 GSK-3. Many growth factors and cytokines induce anti-apoptotic Bcl-2 family 

members. The Jaks and Src phosphorylate and activate Stat3, inducing the expression 
of Bcl-xL and Bcl-2. Erkl/2 and PKC activate p90RSK, which activates CREB and 
induces the expression of Bcl-xL and Bcl-2. These Bcl-2 family members protect the 
integrity of mitochondria, preventing cytochrome C release and the subsequent 

15 activation of caspase-9. TNF not only induces apoptosis by activating caspase-8 and - 
10, but can also inhibit apoptosis signaling via NF-kappaB, which induces the 
expression of IAP, an inhibitor of caspases 3, 7 and 9. 

The Bcl-2 family of proteins regulate apoptosis by controlling mitochondrial 
permeability and the release of cytochrome C. The anti-apoptotic proteins Bcl-2 and 

20 Bcl-xL reside in the outer mitochondrial wall and inhibit cytochrome C release. The 
pro-apoptotic Bcl-2 proteins Bad, Bid, Bax and Bim reside in the cytosol, but 
translocate to mitochondria following death signaling where they promote the release of 
cytochrome C. Bad translocates to mitochondria and forms a pro-apoptotic complex 
with Bcl-xL. This translocation is inhibited by survival factors that induce the 

25 phosphorylation of Bad, leading to its cytosolic sequestration. Cytosolic BID is cleaved 
by caspase 8 following signaling through Fas. The active fragment of Fas (tBid) 
translocates to mitochondria. Similarly, Bax and Bim translocate to mitochondria in 
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response to death stimuli, including survival factor withdrawal. p53, activated following 
DNA damage, induces the transcription of Bax. Released cytochrome C binds Apafl 
and forms an activation complex with caspase 9. Bcl-xL, Bcl-2 and Bax apparently 
influence the voltage-dependent anion channel (VDAC), which can control cytochrome 
5 C release. 

Mitogen-activated protein kinases (MAPK) are a family of serine/threonine 
protein kinases that are widely conserved among eukaryotes and are involved in many 
cellular responses such as cell proliferation, cell differentiation, cell motility and 
apoptosis. MAPK signaling cascades are organized hierarchically into three-tiered 
1 0 modules. MAPKs are phosphorylated and activated by MAPK-kinases (MAPKKs), 

which in turn are phosphorylated and activated by MAPKK-kinases (MAPKKKs). The 
MAPKKK is in turn activated by interaction with a family of small GTPases and/or 
other protein kinases connecting the MAPK module to the cell surface receptor or 
external stimuli. 

1 5 The MAPK/Erk signaling cascade is activated by a wide variety of receptors 

involved in growth and differentiation, including receptor tyrosine kinases (RTKs), 
integrins, and ion channels. The specific components of the cascade vary greatly 
among different stimuli, but the architecture of the pathway usually includes a set of 
adaptors (She, GRB2, Crk, etc.) linking the receptor to a guanine nucleotide exchange 

20 factor (Sos, C3G, etc.) transducing the signal to small GTP binding proteins (Ras, 
Rapl), which in turn activate the core unit of the cascade composed of a MAPKKK 
(Raf), a MAPKK (MEK1/2) and MAPK (Erk). An activated Erk dimer can regulate 
targets in the cytosol and/or translocate to the nucleus where it can phosphorylate a 
variety of transcription factors regulating gene expression. 

25 G-protein-coupled receptors (GPCRs) are activated by a wide variety of external 

stimuli. Upon receptor activation the G-protein exchanges GDP for GTP, causing the 
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dissociation of the GTP-bound Galpha and the Gbetagamma subunits, triggering diverse 
signaling cascades. Receptors coupled to different heterotrimeric G-protein subtypes 
can utilize different scaffolds to activate the small G-protein/ MAPK cascade, 
employing at least three different classes of tyrosine kinases. Src family kinases are 
5 recruited following activation of PDKgamma by Gbetagamma subunits. They are also 
recruited by receptor internalization, cross-activation of receptor tyrosine kinases, or by 
signaling through an integrin scaffold involving Pyk2 and/or FAK. GPCRs can also 
employ PLCbeta to mediate activation of PKC and CaMKII, which can have either 
stimulatory or inhibitory consequences for the downstream MAPK pathway. 

10 Stress-activated protein kinases (SAPK)/Jun N-terminal kinases (JNK) are 

members of the MAPK family and are activated by a variety of environmental stresses, 
inflammatory cytokines, growth factors and GPCR agonists. Stress signals are 
delivered to this cascade by members of small GTPases of the Rho family (Rac, Rho, 
cdc42). As with the other MAPKs, the membrane proximal kinase is a MAPKKK, 

1 5 typically MEKKl^, or a member of the mixed lineage kinases (MLK) that 
phosphorylates and activates MKK4 (SEK) or MKK7, the S APK/JNK kinases. 
Alternatively, MKK4/7 can be activated by a member of the germinal center kinase 
(GCK) family in a GTPase-independent manner. SAPK/JNK translocates to the 
nucleus where it regulates the activity of several transcription factors such as c-Jun, 

20 ATF-2andp53. 

The Gl/S cell cycle checkpoint controls the passage of eukaryotic cells from the 
first "gap" phase (Gl) into the DNA synthesis phase (S). Two cell cycle kinases, 
CDK4/6-cyclin D and CDK2-cyclin E, and the transcription complex that includes Rb 
and E2F are pivotal in controlling this checkpoint. During Gl -phase, the Rb-HDAC 
25 repressor complex binds to the E2F-DP1 transcription factors, inhibiting the 

downstream transcription. Phosphorylation of Rb by CDK4/6 and CDK2 dissociates 
the Rb-repressor complex, permitting transcription of S-phase genes encoding for 
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proteins that amplify the Gl- to S-phase switch and that are required for DNA 
replication. Many different stimuli exert checkpoint control including TGFbeta, DNA 
damage, contact inhibition, replicative senescence and growth factor withdrawal. The 
first four act by inducing members of the INK4 or Kip/Cip families of cell cycle kinase 
5 inhibitors. TGFbeta additionally inhibits the transcription of Cdc25 A, a phosphatase 
that activates the cell cycle kinases. Growth factor withdrawal activates GSK-3beta, 
which phosphorylates cyclin D, leading to its rapid ubiquitination and proteosomal 
degradation. Ubiquitination, nuclear export and degradation are mechanisms 
commonly used to rapidly reduce the concentration of cell cycle control proteins. 

10 The G2/M DNA damage checkpoint prevents the cell from entering mitosis (M- 

phase) if the genome is damaged. The cdc2-cyclin B kinase helps regulate this 
transition. During G2-phase, cdc2 is maintained in an inactive state by the kinases 
Weel and Mytl . As cells approach M phase, the phosphatase cdc25 is activated, 
perhaps by the polo-kinase Plkl . Cdc25 then activates cdc2, establishing a feedback 

15 amplification loop that efficiently drives the cell into mitosis. DNA damage activates 
the DNA-PK/ATM/ATR kinases, initiating two parallel cascades that inactivate cdc2- 
cyclin B. The first cascade rapidly inhibits progression into mitosis: the Chk kinases 
phosphorylate and inactivate cdc25, which can no longer activate cdc2. The second 
cascade is slower. Phosphorylation of p53 dissociates it from MDM2, activating its 

20 DNA binding activity. Acetylation by p300/PCAF further activates its transcriptional 
activity. The genes that are turned on by p53 constitute effectors of this second 
cascade. They include 14-3-3, which binds to the phosphorylated cdc2-cyclin B kinase 
and exports it from the nucleus; GADD45, which apparently binds to and dissociates 
the Cdc2-cyclin B kinase; and p21 c,pl , an inhibitor of a subset of the cycl in-dependent 

25 kinases including Cdc2 (CDK 1 ). 



The synthesis of new protein is a highly regulated process that allows rapid 
cellular responses to diverse stimuli in the absence of transcription. Initiation of protein 
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synthesis begins after the separation of the ribosome into its 40S and 60S subunits. 
Different eukaryotic initiation factors (elFs) catalyze the assembly of a functional 
ribosomal complex including the 40S subunit, mRNA and tRNA, and finally the 60S 
subunit before the first peptide bond is formed. Most regulatory stimuli, such as growth 
5 factors and stress, control rate-limiting steps of the initiation process by either 
stimulating or inhibiting specific elFs. Elevated levels of Ca** or cAMP can also 
attenuate translation by blocking the action of eukaryotic elongation factor 2 (eEF2). 

Protein phosphorylation plays an important role in the control of translation by 
eukaryotic initiation factor 2 (eIF2). eIF2 binds GTP and Met-tRNAi and transfers the 

10 Met-tRNA to the 40S subunit, to form the 43 S preinitiation complex. Later in the cycle, 
prior to elongation, the bound GTP is hydrolyzed, releasing eIF2-GDP. For eIF2 to 
promote another round of initiation, GDP must be exchanged for GTP, a reaction 
catalyzed by eIF2B. Kinases activated by viral infection (PKR), endoplasmic reticulum 
stress (PERK/PEK), amino acid deprivation (GCN2), and hemin deficiency (HRI) can 

1 5 phosphorylate the alpha subunit of eIF2. This phosphorylation stabilizes the eIF2-GDP- 
eIF2B complex, inhibiting the turnover of eIF2B. The eIF2B is also inhibited by GSK- 
3beta phosphorylation. These events result in a shutdown of cellular protein synthesis 
and can lead to apoptosis. 

eIF4F and p70 S6 kinase play critical roles in translational regulation. eIF4F is 
20 a complex whose functions include the recognition of the mRNA 5' cap structure 

(eIF4E), delivery of an RNA helicase to the 5' region (eIF4A), bridging of the mRNA 
and the ribosome (eIF4G), and circularization of the mRNA via interaction between 
eIF4G and the poly(A) binding protein (PABP). Several stimuli, including growth 
factors and cytokines, regulate the eIF4 complex and p70 S6 kinase by initiating a 
25 phosphorylation cascade involving the sequential activation of PI3K, PDK1/2, Akt/PKB 
and FRAP/mTOR kinase. FRAP/mTOR, participate in phosphorylation of 4E-BP, 
leading to its dissociation from and activation of eIF4E. MNK1/2, activated by Erk and 
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p38 MAPK, phosphorylates and activates eIF4E. Both processes contribute to the 
association of eIF4E and eIF4G to form the active eIF4F complex, a necessary 
component of the 48S initiation complex. Phosphorylation of ribosomal protein S6 by 
p70 S6 kinase stimulates the translation of mRNAs with a 5' oligopyrimidine tract 
5 which typically encode components of the protein synthesis apparatus. 

Insulin controls critical energy functions such as glucose and lipid metabolism. 
Insulin activates the insulin receptor tyrosine kinase, which phosphorylates and recruits 
different substrate adaptors such as the IRS family of proteins. Tyrosine- 
phosphorylated IRS then displays binding sites for numerous signaling partners. PI3K 

10 has a major role in insulin functions, mainly via the activation of the Akt/PKB and the 
PKCzeta cascades. Activated Akt induces glycogen synthesis, through inhibition of 
GSK-3; protein synthesis via mTOR and downstream elements. Activated Akt also 
induces cell survival, through inhibition of several proapoptotic agents (Bad, Forkhead 
family transcription factors, GSK-3); and inhibits lipolysis via activation of PDE3. A 

1 5 major consequence of insulin stimulation is the stimulation of glucose uptake in muscle 
and adipocytes, which is mediated by translocation of GLUT4 vesicles to the plasma 
membrane. While the PI3K/Akt cascade participates in this process, another major 
pathway leading to GLUT4 translocation involves the insulin receptor-mediated 
phosphorylation of CAP and formation of the CAP:Cbl:CrkII complex. This complex, 

20 through its interaction with flotillin, localizes to lipid rafts facilitating GLUT4 

translocation, using in the final step a Synip-containing specialized SNARE complex. 
Insulin signaling also has growth and mitogenic effects mediated by the Akt cascade, as 
well as by activation of the Ras/MAPK pathway. A negative feedback signal emanating 
from Akt/PKB, PKzeta, p70 S6K and perhaps the MAPK cascades results in serine 

25 phosphorylation and inactivation of IRS signaling. 

The Wnt pathway (named as a hybrid of Wingless and Int ) regulates cell fate 
decisions during development of a vide variety of animal species. Secreted Wnt 
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glycoproteins bind to the Frizzled receptor, a family of serpentine receptors, to activate 
Dishevelled, a PDZ domain protein. Dishevelled acts to inhibit a cytoplasmic complex 
involving GSK-3, axin and APC that acts to degrade beta- catenin. GSK-3 
phosphorylates beta-catenin leading to ubiquitination and degradation by the 
5 proteosome. Activation of the Wnt pathway inhibits degradation of beta-catenin 
allowing its nuclear transport and gene induction via binding to TCF. During the 
elaboration of cell types and tissues, the Wnt pathway often interacts with the FGF and 
TGF-beta pathways. 

Protein acetylation plays a crucial role in regulating transcriptional activity. 

10 Acetylation complexes (such as CBP/p300) or deacetylation complexes (such as 
HDAC) can be recruited to DNA-bound transcription factors (TF) in response to 
signaling pathways. Histone hyperacetylation by histone acetyltransferases (HATs) is 
associated with transcriptional activation, presumably by remodeling nucleosomal 
structure into an open conformation more accessible to transcription complexes. 

1 5 Conversely, histone deacetylation is associated with transcriptional repression reversing 
the chromatin remodeling process. Several transcriptional coactivators and corepressors 
possess intrinsic acetylase or deacetylase enzymatic activities, respectively. Site- 
specific acetylation of a growing list of nonhistone proteins, including p53 and E2F, has 
been shown to play an important role in transcriptional regulation and cell proliferation. 

20 The B-cell antigen receptor (BCR) is composed of membrane immunoglobulin 

molecules (mlg) and associated Igalpha/Igbeta heterodimers (alpl^eta). The MIg 
subunits bind antigen and cause receptor aggregation, while the alpha/beta subunits 
transduce signals to the cell interior. Receptor aggregation rapidly activates Src family 
kinases, including Lyn, Btk and Fyn, initiating complex signaling cascades involving 

25 multiple adaptors, kinases, phosphatases, G-proteins and transcription factors. The 
complexity of BCR signaling permits many distinct outcomes, including proliferation, 
differentiation, apoptosis, survival and tolerance. The outcome of the response is 
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determined by the maturation state of the cell, the affinity of the antibody-antigen 
interaction, the cellular environment and the nature of the antigen. Many other 
transmembrane receptors are known to modulate specific elements of BCR signaling. 
A few of these, including CD45 and CD 19, are indicated above as closed rectangles. 

5 Jaks and Stats are components of cytokine receptor signaling: regulating growth, 

survival, differentiation and pathogen resistance. An example of these pathways is the 
IL-6 (or gpl30) family of receptors. Cytokine binding induces receptor dimerization, 
activating the associated Jaks, which phosphorylate the receptor itself. The 
phosphorylated receptor then serves as a docking site for the SH2-containing Stats. 

10 Receptor-bound Stats are phosphorylated by Jaks, dissociate from the receptor, dimerize 
and translocate into the nucleus. Once in the nucleus, Stat dimers bind specific 
enhancers, regulating the transcription of target genes. The suppressor of cytokine 
signaling (SOCS) family of proteins dampen receptor signaling via homologous or 
heterologous feedback regulation. In addition to activating Stats, Jak kinases 

1 5 phosphorylate other signaling proteins, linking Jak signaling to other pathways such as 
the MAP kinases. Jaks or Stats can also participate in signaling through other receptor 
classes. 

The disclosed methods employ the methods outlined in Example 1 to identify 
derangements in signaling pathways such as those described above. Once deranged 

20 signaling pathways and the members of a signaling network to which they belong are 
identified (see, for example, , therapeutic agents which target particular members within 
the pathway/network may be selected. Table 2 below presents a representative list of 
known members of protein signaling pathways against which therapeutic agents may be 
selected if the signaling pathway, or network, containing these proteins, are deranged. 

25 Additional known signal proteins not in Table 2, or signal proteins not yet discovered 
may be targeted using the disclosed methods. 
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Table 2: Representative List of Signal Pathway Components 



4E-BP 

AbK 

ACTR 

AIF 
ANT 

Apaf-1 

APP 
APPs 

ASIP 

ASK 

ATF-2 

ATM 

ATR 

Bam32 
BCAP 
Bcl-10 
Bfl-1 

Bid 

Bimpl 
BLNK 
BRCA 
Btk 

C3G 

CAD 
Cam 
CaMK 
CAP 



eIF4E binding protein JNK 
Ableson protein tyrosine kinase KSR 
A histone acetyltransferase LC8 



Programmed cell death protein 8 Lyn 

M3/6 



Jun N-terminal kinase 

Kinase suppressor of Ras 

Dynein light chain, cytoplasmic 

A Src family proto-oncogene tyrosine- 
protein kinase 



Adenine nucleotide translocation 
channel 



Apoptotic protease activating 
factor 1 

beta- Amyloid precursor protein 
Acute phase proteins 

Agouti switch protein 

Apoptosis signal-regulating 
kinase (e.g., ASK1) 

Activating transcription factor 2 

Ataxia telangiectasia-mutated 
protein kinase 

ATM and Rad3-related protein 
kinase 

B-cell adaptor molecule 32 kDa 

B-cell adaptor for PI3K 

B-cell leukemia 10 protein 

Bcl-2 -related protein Al 

A BH3 domain-only death 
agonist protein 

B-lymphocyte-induced 
maturation protein 1 

B-cell linker protein 

Breast cancer growth suppressor 
protein 

Bruton's tyrosine kinase 

Guanine nucleotide-releasing 
factor 2 

Caspase-activated 
deoxyribonuclease 

Calmodulin 

Calcium/calmodulin-dependent 
kinase 

c-Cbl-associated protein 



MALT1 
MAPK 



Dual-specificity phosphatase 

Mucosa-associated lymphoma 
translocation protein 1 

Mitogen-activated protein kinase 

MAPKAP- MAP kinase activated protein kinase 2 

MDM2 M u ™e double minute 2, a p53- 
associated oncogene 

MEF2 Myocyte enhancer factor 2 

MEK MAPK/Erk kinase 

MEKK MAPK/Erk kinase kinase 

mlg Membrane immunoglobulin 

MKP MAP kinase phosphatase 

MLK Mixed lineage kinase 

MNK MAP kinase interacting kinase 

MP-1 MEK partner 1 

MSK-1 Mitogen and stress activated kinase 1 

mTOR Mammalian target of rapamycin 

MyoD Myogenic determination factor 

Mytl A dual-specificity protein kinase 

Nek Nek adaptor protein 

NcoR Nuclear receptor corepressor 

NFAT Nuclear factor of activated T-cells 

NF-kB Nuclear factor kappa B 

NIK Nuclear factor kappa B-induced kinase 

Noxa Damage" protein, a proapoptotic BH3- 
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Cas 

Caspase 
CBL 

CBP 

CD19 
CD22 

CD40 

CD45 

CDS 

cdc2 

cdc34 

cdc42 

CDK 

Chk 

CHOP 

Cip 

CIS 

c-Myb 

c-Myc 

CREB 
CRK 
Crkll 
DAG 



pl30CAS, Crk-associated 
substrate 

Cysteine proteases with aspartate 
specificity 

Cellular homologue of the v-Cbl 
oncogene 

CREB binding protein 

B-lymphocyte antigen CD 19 
B-cell receptor CD22 

B-cell surface antigen CD40 

Leukocyte common antigen, a 
phospho-tyrosine phosphatase 

Lymphocyte antigen CDS 

Cell division cycle protein 2, 
CDK1 

Cell division cycle protein 34, a 
ubiquitin conjugating (E2) 
enzyme 

Cell division cycle protein 42, a 
G-protein 

Cyclin-dependent kinase 
Checkpoint kinase 



2-Oct 
pl9Arf 
p300 
p53 

p90RSK 
PABP 

PAIP1&2 

PARP 

Pax 

PCAF 

pCIP 

PDE3B 

PDK 

PEK 



C/EBP homologous protein 10 PERK 



CDK-interacting protein 

Cytokine inducible SH2- 
containing protein 

Cellular homologue of avian 
myeloblastosis virus oncogene 

Cellular homologue of avian 
myelocytomatosis virus oncogene 

cAMP response element-binding 
protein 

Proto-oncogene c-Crk 

One of three cellular homologues 
of the v-Crk oncogene 

Diacylglycerol 



PDK 
PIAS 

PIP2 

PIP3 

PKA 
PKC 
PKR 
PLCp 



containing protein 

Octamer-binding transcription factor 2 

pl9 alternative reading frame protein, a 
tumor suppressor 

A histone acetyltransferase 

Tumor suppressor protein that protects 
from DNA damage 

90 kDa ribosomal S6 kinase 

Poly(A) tail-binding protein 

Polyadenylate binding protein- 
interacting proteins 1 and 2 

Poly(ADP-ribose)polymerase 

Paxillin 

p300/CBP-associated factor, a histone 
acetyltransferase 

p300/CBP-interacting protein, a histone 
acetyltransferase 

cGMP-inhibited 3',5'-cyciic 
phosphodiesterase B 

3-phosphoinositide-dependent protein 
kinase 

Pancreatic eukaryotic initiation factor 
2a-subunit kinase 

Type I transmembrane ER-resident 
protein kinase 

Phosphoinositide 3 kinase 
Protein inhibitors of activated Stats 

Phosphatidy linositol 3 ,4-bisphosphate 

Phosphatidy linositol 3 ,4,5-trisphosphate 

Protein kinase A 
Protein kinase C 

dsRNA-dependent serine/threonine 
protein kinase 

Phospholipase C beta 
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Daxx 


Fas death domain-associated 
protein 


PLCy 


Diablo 


Direct IAP binding protein with 
low pi 


Plkl 


DNA-PK 


DNA-activated protein kinase 


PLP2A 


DPI 


Mpmher nf thp P9P tran^printinn 

ivitlliuvl \J 1 lilt LJ£*l II dlOV^l lULiUIi 

factor family 


PP1 


DPC4 


Deleted in pancreatic cancer 
locus 4 (also Smad4) 


PP2A 




ucdin receptor j 


rr AKy 


dsRNA 


Double-stranded RNA 


PR 




Transcription factor family 
including E2F- and DP-like 
subunits 


rKAK 


EEF 


Eukaryotic elongation factor 


PRK2 




Earlv erowth resnonse nrotein 1 


PTFN 


EIF 


Eukaryotic initiation factor 


PUMA 


EIk-1 


Ets domain protein 


PYK2 


ENaC 


Epithelial sodium channel 


RAIDD 


EPAC 


Exchange protein activated by 
camp 


Rapl 


ER 


Endoplasmic reticulum 


RasGRP 


ER 


Estrogen receptor 


Rb 


Erk 


Extracellular signal-regulated 
kinase 


RGS 




C-ets-1 protein, a transcription 
factor 


DIP 
Kir 


FADD 


Fas-associated protein with death 
domain 


ROCK-l 


FAK 


Focal adhesion kinase 


RTK 


FcyRII 


Immunoglobulin gamma Fc 
region receptor II-B 


RXR 


FKHR 


Forkhead in rhabdomyosarcoma 


S6 


FLIP 


FLICE (Caspase-8) inhibitory 
protein 


SAPK 


FRAP 


FKBP 1 2-rapamycin-associated 
protein 


SCF 


FRS2 


Lipid anchored Grb2 binding 


SGK 



Phospholipase C gamma 

Polo-like kinase 1 
Phospholipase 2A 
Phospho-protein phosphatase 1 

Phospho-protein phosphatase 2A 

Peroxisome proliferator-activated 
receptor gamma 

Progesterone receptor 

p38 regulated activated kinase 

Protein kinase C-related kinase 2 

Phosphatase and tensin homologue 
deleted on chromosome 10 

p53 upregulated modulator of apoptosis 

Proline-rich tyrosine kinase 2 

RIP-associated ICH/CED-3-homologous 
protein with a death domain 

Ras-related protein RAP-1A 

Ras guanyl nucleotide-releasing protein 

Retinoblastoma protein, a tumor 
suppressor 

Regulator of G-protein signaling 

Receptor-interacting protein 

Rho-associated, coiled-coil-containing 
protein kinase 

Receptor tyrosine kinase 

Retinoid X receptor 

Small subunit ribosomal protein S6 

Stress-activated protein kinase 

Skp-cdc53-F-box ubiquitin ligase 
complex 

Serum/glucocorticoid-regulated kinase 
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Fyn 

Gabl 

GADD34 

GADD45 

GAP 

GAS 

Gas2 

GCK 

GCN2 

GCN5 

GEF 

GLUT-4 

GPCR 

GRB2 

GRB10 

GRIP 

GRK 

GSK-3p 

HDAC 

HMG 

HPK 

HRI 

Hrk/DP5 
HSP27 



protein activated by FGF receptor 

A Src family proto-oncogene 
tyrosine-protein kinase 

GRB2-associated binder- 1 

Growth arrest and DNA damage 
protein 34 

Growth arrest and DNA damage 
protein 45 

GTPase activating proteins 



Germinal center kinase 

General control of amino acid 
biosynthesis protein 2, an S/T 
kinase 

General control of amino acid 
biosynthesis protein 5, a histone 
acetyltransferase 

Guanine nucleotide exchange 
factor 

Glucose transporter type 4 



She 

SHP1 

SHP2 

Sin3 
SKP2 



IFNgamma-activated sequences Smac 
Growth arrest-specific gene 2 Smad 



SMRT 



SNARE 



Sos 



SRC1 



SRF 
Stat 



Syk 



Synip 



G-protein coupled receptor 

Growth factor receptor-bound 
protein 2 

Growth factor receptor-bound 
protein 10 

Glucocorticoid receptor 
interacting protein, a histone 
acetyltransferase 

G-protein coupled receptor kinase TAB1 

Glycogen synthase kinase-3 beta TAFs 

Histone deacetylase TAK 

High mobility group Tal 

Hematopoietic progenitor kinase tBid 

Hem in-regulated inhibitor 

Harakiri protein, an activator of 
apoptosis 

Heat shock protein 27 



TBP 

TC10 

TCF 



SH2-containing collagen-related proteins 
SH2-containing phosphatase 1 
SH2-containing phosphatase 2 

A transcriptional corepressor 

S-phase kinase-associated protein 2 

Second mitochondria-derived activator 
of caspase 

Contraction of Sma and Mad (Mothers 
against decapentaplegic) 

Silencing mediator of retinoic acid and 
thyroid hormone receptor 

Soluble N-ethylmaleimide attachment 
protein receptors 



SOCS Suppressor of cytokine signalling 



Son of sevenless guanine nucleotide 
exchange factor 

Steroid receptor coactivator 1, a histone 
acetyltransferase 

Serum response factor 

Signal transducer and activator of 
transcription 

Tyrosine-protein kinase Syk 

Syntaxin 4-interacting protein 

TAK1 binding protein 
TBP-associated factors 
TGF beta-activated kinase 
Talin 

Truncated Bid 
TATA-binding protein 

GTP-binding protein TC10 

T-cell factor 
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IAP 
ICAD 

IDB 

IKK 
INK4 

IRS 

ISRE 

Jak 
JIP-1 



Inhibitor of apoptosis 

Inhibitor of caspase-activated 
deoxyribonuclease 

Inhibitor of NF-kappa B 

I-kappa-B kinase 

Inhibitor ofCDK4 

Insulin receptor substrate (e.g., 
IRS-1) 

Interferon-stimulated response 
element 

Janus-family tyrosine kinase 
JNK interacting protein 1 



TF 
TH 

Tip60 

TNF 
TR 

TRADD 

TRAF2 

Vav 
Weel 



Transcription factor 

Tyrosine hydroxylase 

HIV- 1 -Tat interactive protein, a histone 
acetyltransferase 

Tumor necrosis factor 

Thyroid hormone receptor 

TNF receptor- 1 -associated death domain 
protein 

TNF receptor-associated factor 2 

The one F proto-oncogene 

A universal mitotic inhibitor kinase 



Any therapeutic agent that targets a signaling pathway protein may be employed 
to provide synergistic combinations according to the disclosure. Furthermore, because 
of the observed synergism, therapeutic agents that may not be used to treat subjects 
5 individually due to their high toxicity at effective doses may be employed in synergistic 
combinations because of the higher specificity and lower toxicity enabled by the 
disclosed methods. For example, any number of serine/threonine kinase inhibitors, 
tyrosine kinase inhibitors and Src kinase inhibitors may be used. Therapeutic agents for 
use in the disclosed methods may include those disclosed in English and Cobb, 

10 "Pharmacological inhibitors of MAPK pathways," Trends Pharmacol Sci 23: 40-45, 
2002. Specific examples of signal pathway therapeutics provided in English and Cobb 
include VX745, HEP689, RPR200765A, PD98059, U0126, PD184352, Ro092210, 
LLZ16402, L783277, SP600125, Bay439006, and CEP1347. Additional examples are 
pyrazole compounds (see, for example U.S. Pat No. 6,528,509), 2(pyrin-9-yl)- 

15 tetrahydrofiiran-3,4-diol derivatives (see, for example, U.S. Pat. No. 6,528,494), 
aminothiazole compounds (see, for example, U.S. Pat. No. 6,521,759), 1,5- 
diarylsubstituted pyrazole compounds (see, for example, U.S. Pat No. 6, 509,361) and 
isoxazole inhibitors of ERK (see, for example, U.S. Pat No. 6,495,582). Still further 
examples of agents are provided in U.S. Pat Nos. 6,518,3 16 and 6,495,558. 
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Therapeutic agent combinations may be administered alone or in 
combination with any pharmaceutical^ acceptable carrier (see, for example, 
Remington: The Science and Practice of Pharmacy, 19 th Edition, 1995). Any of the 
common pharmaceutical carriers, such as saline and sesame oil solutions can be used. 
5 Routes of parenteral administration include, but are not limited to, subcutaneous (sq), 
intracranial ventricular (icv), intrathecal (it), intravenous (iv), intramuscular (im), 
topical ophthalmic, subconjunctival, nasal, aural and transdermal. Therapeutics 
combinations of agents may be administered sq, iv or im in any conventional medium 
for intravenous injection, such as an aqueous saline or oil medium. The medium may 
10 also contain conventional pharmaceutical adjunct materials such as, for example, 

pharmaceutically acceptable salts to adjust the osmotic pressure, buffers, preservatives 
and the like. 

Therapeutically effective doses of the compounds of the present invention 
can be determined by one of skill in the art. However, a useful starting concentration 

1 5 for the agents in the therapeutic combinations is the IC 50 of each drug, either measured 
in tissue or in vitro. In particular embodiments, the drugs in a therapeutic combination 
are administered at concentrations less than their individual IC50's. In other 
embodiments, the agents are administered at concentrations that alone provide less than 
50% inhibition (e.g. less than 40%, 30%, 20% or 10% inhibition) of their targets as 

20 determined in microdissected samples, in vivo (e.g. by imaging) or in vitro, for example, 
in a test tube or a cell culture. Depending upon the efficacy of the agents used, they 
may be administered to achieve tissue concentrations between lfM and lOOmM, such as 
between 1 and 10 mM, for example, between 10 \xM and 1 mM. Alternatively, 
agents in combinations according to the disclosure may be administered in dosages 

25 ranging from 1 ng/kg to 10 g/kg, such as from 100 ng/kg to 1 g/kg, for example, from 
lmg/kg to 100 mg/kg. 

It should be understood that the foregoing relates only to particular 
embodiments and that numberous modifications or alterations may be made whithout 



AAR/aar 4239-67983 03/10/04 



EXPRESS MAIL LABEL NO. EV331580816US 
DATE OF DEPOSIT: March 10, 2004 



-95- 



dparting from the true scope and spirit of the invention as defined in the following 
claims. 



